STEADY - STATE STABILITY OF A TRANSMISSION SYSTEM 
WITH CONTROLLED SYNCHRONOUS CONDENSERS AT THE 

SECTIONALIZING SUBSTATION* 

N.I. SOKOLOV 

(Received, 11 June 1956) 

One of the first (chronologically) methods suggested for improving the transmitting 
capacity of long transmission lines was their sub-division into sections and the 
erection of synchronous condensers in the intermediate sub-stations. The original 
publication of this method, subsequently known as Baun s circuit took place in 
1921 [1]. The basic assumption was that the stability of each section of the line 
could be considered as independent of that of the other sections. 

Further experimental and theoretical work on the subject revealed that the 
increase of the transmitting capacity has to be bought by particularly high rating 
of the synchronous condensers [2]. It was mainly due to the fact that on trans¬ 
mission lines with synchronous condensers were not actually erected. 

In 1937 S.A. Lebedev [3] showed that in the presence of an automatic regula¬ 
tion of the excitation it is basically possible to reduce the rating of the inter¬ 
mediate synchronous condensers to economically justifiable values. Analogous 
calculations were also carried out for the case of synchronous condensers fitted 
with compounding-gear [7]. 

The necessary kVA for intermediate synchronous condensers are determined 
by the requirement of keeping the voltage at the ends of each section constant 
when the limiting power is transmitted over the line. The latter will be greater, 
the greater the active power transmitted through the line in comparison with the 
natural power of the line. When the natural power is transmitted, the synchronous 

condensers work on no-load. 

However, the usual excitation regulators (electronic regulator of the All-Union 
Electrotechnical Institute, compounding-gear with corrector, etc), cannot, assure 
constancy of the voltage at a given point when angle swings occur, since in this 
case large amplification factors and high-speed action are required. The best to 
be obtained from ordinary excitation regulators is the constancy of the e.m.f. 
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behind the transient reactance of the generator. The limiting transmitting capacity 
is in this case considerably smaller. 

S.A. Lebedev’s investigations demonstrated the possibility of a transmission 
through a sectionalized line of large powers with intermediate synchronous con¬ 
densers of relatively small rating if sensitive automatic high-speed excitation* 
regulators are used, and if their regulation is controlled by derivatives of the con¬ 
trolled quantity. The introduction of the first derivative of the voltage enabled the 
limit of the constancy of the e.m.f. behind the transient reactance to be surpassed 
and constancy^of the voltage at the generator terminals approached. 

The investigations of the stability of the synchronous condensers referred to 
dealt only with an idealized regulation without considering the transient processes 
in the generators and the time lags in the excitors and regulators. Yet they were 
still the first to reveal the real possibility of a very considerable increase of the 
transmitting capacity of transmission systems. 

Up to the present time there were not regulators perfect enough to permit a 
regulation according to the deviation of the controlled quantity and its derivatives. 
The regulators used by S.A. Lebedev in 1937 in his laboratory experiments were 
imperfect and that was why his experiments did not yield realistic results. 

In recent years comprehensive investigations into the stability of synchronous 
generators working on long transmission lines were carried out and regulators 
designed of equality assuring during the transient process not only constancy, but 
even an increase of the flux-linkages of the rotor without provoking hunting pheno¬ 
mena. These regulators may maintain the voltage at given system points constant, 
thereby considerably improving the steady-state stability of the transmission sys¬ 
tems. They are now known as strong-action regulators and usually respond not 
only to a deviation, but also on the first and second derivatives of the deviation. 
The strong-action regulators were investigated theoretically and on electric 
models [ 4 ] and [5], and were tested under operating conditions. 

Investigations and tests of strong-action regulators on the generators showed 
that they are likewise useful for synchronous condensers erected in the sectional- 
izing sub-stations. However this calls for an additional theoretical clarification of 
the effect of the transient processes in the generator on the regulation of the 
synchronous condenser, the combined regnlation of generators and synchronous 
condensers, and furthermore, an investigation of the stability of the regulation 
wit unchanged coefficients of the regulation and changes of the loading of the line 
wit in a wide range; also, the possibility of increasing the transmitted power with 

a minimum rating of the synchronous condensers and of their concentration in one 
sectionalizing substation should be examined. 

All these problems were theoretfcally investigated in the Central Electro¬ 
technical Research Laboratory of the Ministry of Power Stations. 
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The investigations of the effect of intermediate synchronous condensers on 
system stability were based on the method of small oscillations; simplified 
equations of the synchronous machines (without transformer e.m.f’s) were used and 
the resistances in the stator circuits were neglected. Since the relation between 
the electro-magnetic torques of the machines and the angles between the e.m.f.’s 
is non-linear, the equations were linearized in the range of small deviations. 

Let subscript 1 denote quantities referring to the sending-end station, sub¬ 
script 2 those referring to the receiving system, 3 those referring to the sectional- 
lzing substation. Let us, furthermore, consider the power of the receiving system 
as infinite. The equations of motion may then be written for every station (not 
considering mechanical friction and the effect of damping) as follows: 

AT + s„ = 0; AT, + 7 /jP » AS 3a = 0; 

P 2 d 1 = p2 • p2 £ 3 _ p2 g Q) 

The deviations of the powers are a function of the relative angles and e.m.f.’s of 
the generators (cf. appendix) and may be expressed linearly by the partial deriva¬ 
tives with respect to the corresponding variables. Using also the expressions of 
the deviations of the torques by the deviations of the synchronous and transient 
e.m.f.’s and introducing the well-known relationship between them, viz 

^da = Al?^ + Td x pE'cfo 

A£ rfc , = A E d3 + T diP E'd 3 (2) 

We get the characteristic equation of the system of the three stations, not consider- 
ing the regulation, viz 


QlQ* ~ &<?, = 0 

where Q x , Q 2 , Q z , Q A are third order polynomials depending on the parameters of 
the transmission system as well as on the power transmitted or the angle 


To consider the regulation of the excitation of the generators of the sending- 
end station and the synchronous condensors we introduce into the equations the 

transmission functions of the regulators: the characteristic equation of the sys- 
tem then takes the following form: 




It is clear that in such a relatively complicated system (of three stations) the 
coefficients of the characteristic equation will have a very involved structure and 

»*•«*■*» ■ general for. will therefore be lab.rions. The prob^m “n 

however, be greatly simplified by substituting numerical values into the initial ex¬ 
pressions. The result is still of a sufficiently general character to enable the 
analysis of a number of cases important for the practice to be carried out. 


In considering actual transmission systems it is convenient to plot the 
of stability vs. two variable coefficients of regulation, for example, the e 
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for the first and second derivatives. The other coefficients remain fixed. The 
method of graphing these ranges from the characteristic equation is not described 

here because it is sufficiently well-known [8]. 

For the generator as well as for the synchronous condenser the analysis was 
carried oat for regulation according to the angle between the e.m.f. of the genera¬ 
tor and the voltage of the receiving system; the coefficients of the regulation 
according to deviation were chosen on the condition of the constancy of the volt¬ 
age at the h.v. busbars of the sending-end station and sectionalizing substation. 
The regulation based on the angle was adopted only for convenience of the analy¬ 
sis. We may state that with a correct choice of the coefficients, regulation based 
on current, voltage or on both combined, leads to the same limit of the power trans¬ 
mitted as a regulation based on the angle. The theoretical analysis showed that 
by a close regulation on generators and synchronous condensers the limit of the 
power transmitted may be considerably increased, i.e. up to the ;ower limit of the 
weakest section. For example, the limit of the power transmitted through the line 
Kuibyshev Hydro-Electric Power Station — Moscow, may be increased to 1800 MW 
when the condensers are placed in the central sub-station, without the use of 
longitudinal compensation. The angle between the vectors of the e.m.f. of the 
sending-end station and the voltage of the receiving system goes in this case up 
to 150°. We note that the theoretical limit of the transmitted power without 
intermediate synchronous condensers and without longitudinal compensation, but 
with close regulation on the generators of the Kuibyshev H.E.S., is 1150 —1200 MW. 

The limit of the transmitted power could be further increased and the angle 
brought up to 180° if the location of the central substation could be chosen from 
the condition of equality of the angles between the voltage vectors of the busbars 
of the sending-end station and the intermediate sub-station, and also at the inter¬ 
mediate sub-station and the receiving end. In our consideration of the case we 
adopted the location of the sub-station foreseen in the project of the transmission 
system. 

The ranges of stability for various angles between the vectors of the e.m.f. of 
the sending-end station and the voltage of the receiving system are in a concen¬ 
tric al position (Fig.l). This fact indicates that there is no necessity for altering 
the coefficients of the regulation when the transmitted power varies. The investi¬ 
gation also showed that regulation according to derivatives need only be used on 
the synchronous condensers, whereas on the generators it is sufficient to regulate 
according to the deviation without any stabilizing gear. Comparison of Fig.l and 2 
shows that use of regulation according to derivatives also on the generators leads 
only to a displacement of the stability range which may be useful in certain opera¬ 
tional circumstances. 

We see from the Table, the data of which were obtained without considering 
the shunting reactors, that the kVAr of the synchronous condensers required for 
keeping the voltage at the 400 kV busbars of the intermediate sub-station constant, 
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FIG.l. Stability ranges at angles 5= 10CP, 
125° and 150° and control (regulation) on 
the generators only from deviation and on 
the synchronous condensers according to 
deviations of the angle and its two deriv¬ 
atives. 

The figures against the points of the 
curves indicate 277 OJ, where CO is the fre¬ 
quency of the free oscillations. 



FIG.2. Stability ranges for angles 
(5=100°, 150° and regulation accord¬ 
ing to derivatives on generators and 
synchronous condensers. 

The coefficients of regulation on the 
generators are assumed to be con¬ 
stants, viz. k§ Q ~ l;kg = 3; k^ ~ 2. 


TABLE 1 


Angle 

100° 

120° 

150° 

Power transmitted through the 

line MW. 

1300 

1600 

1800 

Required rating of the synchro¬ 
nous condensers MV A. 

225 

525 

1425 

depend to great extent on 
clear that with 750 MW in 

the power transmitted through the line. It 
stalled power of the synchronous condensers 

is 

and 
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without longitudinal compensation the system can continuously transmit 1600—1650 
MW. After faults in the system short-time transmission of 1800 MW is possible whoa 
the synchronous condensers work with 100 per cent overload. Considering that a 
synchronous condenser works under normal conditions almost on no-load, the dura¬ 
tion of this overloading should not exceed 1 min. This time will be sufficient t 
permit the automatic load-shedding devices to reduce the loading of the system to 
the permissible limit. 

The investigation of the characteristic equation also showed that in the 
absence of an excitation control of generators on synchronous condensers the latter 
will produce practically no increase of the transmitting capacity of the line, even 
if their rating is fairly high (750 MW). 

The use of a strong-action excitation control makes great demands on the high¬ 
speed action of regulators and excitors. If the time constant of the exciter exceeds 
0.1 sec, the efficiency of the control is already considerably reduced. The use of 
a rigid feedback comprises the excitor enabling the time constant to be appreciably 
reduced, if the latter is mainly due to the parameters of the excitor winding itself. 
Time lags introduced by eddy currents in the massive poles, and also by currents 
passing through the auxiliary windings placed on these poles cannot be eliminated. 

An increase of the mechanical time constant of the synchronous condensers 
has a beneficial effect on the stability at small deviations, N.A. Kachanova [7] 

has shown that an increase of the mechanical time constant is very useful in the 
case of large disturbances. 

The results of the theoretical investigations were corroborated by tests on the 
model of the Central Electrotechnical Research Laboratory of the Ministry of 
Power Stations in the Karamyshev H.E.5 [6]. 

For the model tests two hydrogenerators of the station, of ratings 1360 kW 
(1700 kVA) and an artificial line consisting of four reactors, capacitors and resis¬ 
tors, were used. The circuit of the model (Fig.3) permits the parameters of the 
system to be altered within certain limits. 

The time constant of the rotor and the mechanical constant of the generators 
of the Karamyshev station differ from the corresponding constants of the genera¬ 
tors of the Kuibyshev. For this reason the results of the experimental investiga¬ 
tion are more useful in a qualitative than in a quantitative respect. 

The model circuit was so assembled that one of the generators of the 
Karamyshev’s H.E.S. represented the sending-end station and the second the 
synchronous condenser. Corresponded to the actual line, the place of erection of 
the synchronous condenser would not coincide with the mid-point of the line, and 
its position on the line model was somewhat less favourable. 

Both generators were provided with regulators of the Central Electrotechnical 
Research Laboratory enabling regulation to be carried out either according to the 
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FIG.3. Diagram of the model on the Karamyshev HES. Am — angle-measuring machine; 

B — exciter; G — generator. 

angle and its derivatives, or according to voltage and the derivatives of the angle, 
in the first tests the generator was regulated according to the angle and its deriva¬ 
tives, the condenser during one test series according to the angle and its deriva¬ 
tives, and during other tests, according to the voltage and the derivatives of the 
angle relative to the receiving end. The latter method of regulation was found to 
be more favourable in the practice, since it led to a higher limit of the transmitted 
power. This is explained by the fact that with an invariable coefficient of regula¬ 
tion according to the angle the relationship between the voltage in the sectionaliz- 
ing sub-station and the angle is non-linear owing to which the voltage varied con¬ 
siderably at load changes and loss of stability of the section of the transmission 
line sometimes occurred. The maximum angle that could be obtained in steady 
operation was 145°; in this case, the angle between the voltage vectors at the 
ends of the section was almost 90°. A further increase of the load resulted in loss 
of stability due to the stability limit of the section being exceeded. The character 
of this loss of stability was a vehement increase of the angle not preceded by any 
hunting phenomena. 

When the intermediate synchronous condenser was regulated according to the 
voltage variations and to the derivatives of the angle, and the generator only 
according to variations of the angle, practically the same results were obtained. 
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Conclusions 

The limit of the power transmitted over long transmission lines can be 
efficiently increased by the use of synchronous condensers erected in sectionaliz- 
ing sub-stations; theiruse is particularly indicated where it is necessary to tap off 
power at points along the line. In this case the use of synchronous condensers 
will not involve any complications of the lay-out of the sub-stations and in most 
cases not even the installation of additional transformers. 

The points of erection of the synchronous condensers along the line and their 
rating are determined by technical and economic considerations. 

Sub-stations may consume kVAr, thereby reducing, or even eliminating the 
need for shunting reactors. 


Characteristic equation of a transmission system with synchronous condensers in 
one sectionalizing substation. The power of the generating station may be ex¬ 
pressed in the following way by the generator e.m.f.’s and the angles between the 
e.m.f. vectors: 


p,= 

** sin i 

> 11 + EqlEq3 sin 8i.: 

x n 

x is 


a. J ‘fftWHii 

Eqi EqX sin + Eq2 Eq3 

sin An; 


x n 

x $s 

P,= 

EqZ Eql sin S 81 


sin 


x m 

Xjf 

®ii" 

— ^is afi " B 

— *»• &i® ^ 


(A,l) 


In the system of equations (A,l) only two equations are independent. We take 
8 12 and d 32 as independent variables. For station 2.... Eq 2 = J?J 2 . In terms of 
deviations, after linearization, we get 

APi «r A\ AEq j -J- B\ AEq§ -f- Cj Aijj ~f- Ad§j; 

AP a *=* A$ AEgi -f- B s AE-g -f- C$ A&u + ; A$n »2) 

where 


A, 
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From equations (A,2) and (1) we get, 

Ai &Eq\ + A *** — (^i + T ji P % ) -Wi* — A A#*** 

Aa^j+BsA^:-C 1 A6 11 -(D 8 + r /3 P 2 )A^ / (A,3) 

The system of equations (A,3) must be solved with respect to the variables 
Eq 1 and Eg 3 . To consider the magnetic asymmetric of the machine we write down 
e relationships between the quantities Erf and Eg, viz. 
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(A,4) 


COS &18 * 


E f 

n dZ 


*dZ — x q9 


Xu 


cos • Egi 


Xu 


COS %. Eq} ~f" \ S —f— 


c d3 

*83 


<r* # 


#n> ^la, etc., are the self and mutual inductive reactances in the equivalent rep¬ 
resentation of the generators by the quadrature components of the synchronous 
reactances. 

The system of equations (A,4) may also be written in terms of the partial dif¬ 
ferentials of the deviations, viz. 
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SB dt = E x fcE ql 4 * Fi + Oi Mu + H t &% n ; 

A£*^3 = B$ -f* AZT^g 4“ Gg d5jg -f* 

7 *^1 A£^i — Ei AE^ + F% A Ep 4* Q x ABjj 4- H x M^\ 

T&& “ ^3 A^a 4 " ^3 A ^12 + #3 A& 3 J. , 


The partial differentials £ 1? F 1? £ 3 , F 3 , F{, F' Z9 E ' remain equal to the 

coefficients of Eg of the corresponding columns of the system of equations (A, 4 ). 
for example 
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The partial differentials of the deviations of the angles are. 
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(A, 5 ): 


Substituting into equation (2) the values of the e.m.f.*s, we get from equations 


^del ~ (^1 + PE 1) ±E q i 4 - (F x kEqs 4 ~ 

4 - (Gi 4 pG[) M lt + (H x 4 - pH[) M 92 ; 

kEdez 238 (£3 4 * pE 3 ) tiE q i 4-(F s 4"P^3) A£^3 4- 
4 ~ (G s 4 “ pG 3 ) M lt + (H Jt + pH^) A&j|. 


(A,7) 
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The deviation of the voltage on the rotor rings resulting from the action of the 
regulator may be expressed as follows: 


We have for, 
where 


&E<tg 8 


M (p)i _ M(p) , 

0 + P T 9 i )( ! +pTp\) Z(p)x 
M (p\ M (p)j8 _ 

( 1 +pr <3 )(i+^) — z(p), "**• 

z( P ) = a + P r e;e ) a + P r reg ) ; 


(A,8) 


T ex is the time constant of the excitor; 

T re g is the time constant of the regulator. With^regulation 
by an angle M(p) = k 0 + & x p +■ k 2 p 2 . 


Substituting the values E qi , obtained from the solution of the system of 
equations (A,3), into equations (A,7) and considering the expression (A,8), we get 
two equations involving A8 12 and A8 32 , viz, 


\Qi + YJpjx) a ^32 ■* 0 ; 

Qz + (Qt + ^32 “ ^ 

In equations (A,9) the coefficients of the deviations of the angles were obtained 
by substitution. 



The determinant composed of the coefficients of the angle deviations yields 
the characteristic equation (4) required. In stability investigations the character¬ 
istic equations must be written in explicit form and arranged in descending powers 
of p. 
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CONTROLLING A MILL WITH SEPARATELY DRIVEN ROLLERS* 


O.V. SLEZHANOVSKII 
(Received 12 December 1956) 

The separate drive of the rollers of large rolling mills, though possessing con¬ 
siderable advantages over group drives, complicates the control system and intro¬ 
duces some novel requirements, of which the basic one is the necessity of securing 
rolling without bending with a sufficiently uniform distribution of the loads between 
the roll-drive motors. Most existing systems do not satisfy these requirements; more¬ 
over, the systems are also unnecessarily complicated and do not ensure a satisfac¬ 
tory transient response. A new system proposed by the author (Fig. 1) is sufficiently 
simple and eliminates the above disadvantages. 



FIG. 1, Elements of the control circuit of a mill with individual roll-drives. 

The field windings of the generators are connected to a bridge ciruit fed by the 
common exciter EG f ). The regulator AR co-ordinating speed and current of the roll- 
drive motors is connected in the diagonal arm of the bridge. When the control acts, 
the field of one generator increases and that of the other decreases. The regulator 

* Elektrichestvo No. 5, 12 — 20, 1957 [Reprint Order No. EL 19]. 

t The bridge circuit may also be formed by windings and ohmic resistances or by two 
windings and armatures of the exciters where two exciters are used. 
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windings are connected to the voltage drops in the sections of the main circuit of 
each of the roll-drive motors and to the voltage difference of the tachogenerators. 
The field windings of the motors receive their supply from the exciter EM whose ex¬ 
citation is provided by the ampiidyne AM, so that the character of the transient pro¬ 
cesses comes near the possible optimum. This is achieved by arranging the m.m.f. 
of the input winding JAM in the positive direction, a “cut-off* of the field current by 
the differential winding DAM, and a positive feedback of the field currents PE. The 
m.m.f.’s are denoted by Fi m , F dm and Fpf. 

The m.m.f. of the input winding determines the polarity of the exciter in the 
steady-state. The differential winding is connected to the difference%f two voltages 
viz. a voltage proportional to the field current of the motor and the voltage of the 
calibrating potentiometer. The rectifier R 1 in the circuit of the differential winding 
prevents its action when the exciting flux of the motor increases, but towards re¬ 
ducing the field current. The rectifier R 2, shunting the winding, limits its m.m.f. 
during periods of decreasing flux of the excitation. 

The steady-state characteristics of the control system of the excitation of the 
generators and of the roll-drive motors are shown in Fig. 2a and b. The method of 
plotting them is similar to that described in [l]. The analysis of the steady-state 
characteristics confirms in principle the usefulness of the system adopted. The re¬ 
sulting m.m.f. of the ampiidyne AG of the generators is in all cases determined 
within narrow limits, and the m.m.f. of the ampiidyne AM of the motors changes in 
such a way that it creates favourable conditions for the forcing of processes of de¬ 
creasing or increasing the fluxes of the roll-drive motors. 

By altering the amplification factor of the positive feedback for the motor field 
current and the m.m.f. of the input winding it is possible to adjust the character of 
the increase of the exciting flux in the most appropriate way to suit the actual con¬ 
ditions of operation of the drive. If the machines of the main drive have a low volt¬ 
age between segments, a small flywheel moment and a large magnetic time constant, 
it is expedient to increase the m.m.f. of the input winding. Increased flux forcing 
at the beginning of the process is so obtained and the braking conditions are also 
established correctly from the viewpoint of energy economy, since the speed is first 
reduced by the strong increase of the motor field and then by the reduction of the 
generator voltage. Cases are possible where during a forced increase of the field 
the load regulator, tending to limit the current of the main circuit, also slightly in¬ 
creases the generator voltage above its rating. 

With machines having a large voltage between segments, which would not per¬ 
mit the voltages to exceed the rated values during braking periods, it is necessary 
to decrease the m.m.f. of the input winding and to increase the positive feedback of 
the field current. By this re-arrangement the initial forcing of the motor field is re¬ 
duced to the correct value and the forcing increased subsequently as the motor 
flux increases, in accordance with the requirements set out in [l] and [2], 

Rotating machines are not used as sources of reference voltages in the circuit 
suggested. The generator of the reference voltage of the voltage regulator is re- 



14 


Controlling a mill with separately driven rollers 


placed by a voltage stabilizer and the 
generator of the reference voltage of 
the power regulator by a magnetic amp¬ 
lifier. Flexible feedbacks of the genera¬ 
tor voltage and field current are provided 
by a Birfeld differential-bridge circuit 
without stabilizing transformers. 

The use of this circuit introduces 
several novel characteristics. Fig. 3a 
shows that the transfer function K(p) of 
of the (ideal) differential bridge without 
load can be found as follows: 

T] _ Tl. _ T l— r< 1 

0 ~ 1 r x + r 2 r 3 + r. (1 + pT) 

In the balanced bridge 




Neglecting leakage, i.e. assuming a = 1, and introducing 7 \ + T 2 = r; K s t = 
we obtain v(~\-v P r r , . 

K{p) - Kcm (TTP). ( 2 ) 

It follows that on the assumptions made the transfer functions of the bridge and of 

the stabilizing transformers have the same form. Since, however, the time constants 
of the stabilizing transformers 

differ in most cases from the time 
constants in the circuits of the 
machine windings forming the 
branches of the bridge, the effects 
of the use of the circuits compared 
will also be different. 


&■ 


£/, 





Uc 




q) 

FIG. 3* Stabilizing bridge and stabilizing 

transformers. 
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-11 K Eli - - K bb 

e s bb( 1 +pT g ) — Kg 


K 


It is easy to show that this difference may be intrinsic. If the input voltage U( is 

the exciter voltage Ueg of the generators, we find from the relation JJ e — 17 ^ 

that when the bridge circuit is used, y Q 

Denying T =a,we obtain 

Kg 5 

Uo = 


'g 


r g p£ g . 


g 




(3) 


The m.m.f. of the amplidyne supplied with the output voltage is approximately 
where ~ 6 Vft " (4) 


77' _ iy- 

Hg — Hb r w • 


When the stabilizing transformer is used the following expression results for the 
output voltage Uo: 

Kst 0+pT s ) „ ^ j , 1 


Uo 


K. T O+pr) P E g—^P E g(Tf^y+ 'lP 2E gjT+ri 


(5) 


Analysis of the expressions for U Q shows that the bridge circuit enables a feed¬ 
back proportional to the net first derivative of the generator e.m.f. to be obtained 
whereas the stabilizing transformer gives with the same input voltage two compon¬ 
ents the first of which is proportional to the first derivative of the generator voltage, 
and the second to the second derivative. Also an additional time delay element is 
introduced which is determined by the denominator (1 + pr). 


To obtain an expression similar to (5) by the bridge circuit, it is necessary to 
have at the input of the bridge the voltage U a g of the amplidyne, and not that of the 
exciter. 

Indeed, since in this case U Q = U n 77 — --- S —- 

0 a % bb U+pT eg ) ’ 


we get by transition from U a g tt> Eg, 

Uo = K eg K g Te s^ + pT s ^ pE s = W E g + S P 2E g* 
The m.m.f. of the amplidyne winding connected to U 0 will be 

F be **W+PT t )pE g *>K ie il+pT g )pU 8 . 


where 


K 


K 


be 


hb 


W 


w 




e g 


U2 


( 6 ) 


(7) 


Comparison of the equations (5) and (6) shows that for small values of r they 
practically coincide. 


It is obvious that with relatively small values of r and with divergences between 
r and T the effects of flexible feedback obtained by means of stabilizing transformers 
and bridges respectively, are very much different for the same input voltage. Under 
these conditions the flexible bridge feedback acts like the feedback of a stabilizing 
transformer connected to the output of the following cascade. 

The above considerations enable us to explain the advantages of the accepted 
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method of increasing the anti-hunting time constant r to values equal to the time con¬ 
stant Tg of the generator [3]. 

In the generator - motor system considered [3] with amplidynes the expression 
for the flexible feedback assumes in the case of r = Tg a form similar to that ob¬ 
tained for the bridge circuit (4), and since by means of the feedback pEg, the deriva¬ 
tive of the generator e.m.f., is controlled, we obtain conditions resulting in uniformly 
accelerated transient processes of field control of the generator. However, the great 
varying values of time constants Tg encountered render it difficult to maintain the 
condition r - Tg by the use of stabilizing transformers. This difficulty is obviated 
by the use of the differential bridge circuit where the problem resolves itself since 
T-Tg. 

There is a fair number of systems in which control by the first derivative of the 
generator e.m.f. is advisable. The control system of the excitation of the generators 
of the main drives belongs to these. In developing the circuit, a basic flexible link 
was provided by the bridge circuit connected to the field winding of the generators. 
The use of an intermediate feedback, shown dotted in Fig. 1, should be avoided or 
its effect reduced to the minimum necessary with regard to the stability conditions. 


Determination of the parameters of the flexible feedback 
and character of the control operations 


For the generator voltage (not considering the action of the regulator, neglect¬ 
ing the time constants of the control windings of the amplidyne, eddy current effects 
and assuming a linear magnetization characteristic of the machines) the following 
equation can be written: 

U * = FagK +pT eg ){\ + pTg) ’ (8) 

where K - K a K e gKg, the amplification factor of the system : 


K 


A Ua S . K AL eg 
A/v, „ ’ A U, 


K 


MJ 


g 


8 MJ, 


T T T 

a} I eg' > *g 


ag a *■*’■' ag ~ eg 

Ta? Teg, Tg time constants of the amplidyne, exciter and generator respectively; 
Fag = Fi — Edg ~ Ebg — Fbe the m.m.f. of the amplidyne AG; Fi,‘Fbg, Fbe the 
m.m.f.’s of the input and stabilizing windings; Frfg - Kdg (Vg — U C o) the m.m.f. of 
the differential windings; 

Hence 

^,=ri + K is v „ -U t {*,,,+ P [X i8 + K b Jl +pr,)]}. 

Substituting the expression for F a g in equation (8), we obtain: 


U s = (Fi + K dg U co ) 

K OTpTJ (1 +pT eg ) (1 +~pTg) + K Wdg + P Mbs +*be (1 *P^)1} (9) 

Up to the cut-off of the forcing, i.e. when the differential winding is not connected: 

U S = F i K (T +pT a ) (1 ( ! +pTg)+Kp 1 +pTg)\ ( 10 ) 

Neglecting the action of the intermediate feedback (j= 0) and bearing in mind that 
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the time constants of the links included by the flexible feedback can be neglected 
when the time constant of the transfer function of the feedback is many times 
larger than the time constant of these links, we find for an approximate calculation: 


u '=( F ,+W")Tnnriv 


1 


d s s> i + - r g + 

! * 1 i rs rs 


or 


1 + V 


u, 


g 




S’ fin 


and before cutting-off the forcing with zero initial conditions 

U S = F ‘ K l +P(Tg+K bg K) 


or 




\ 


u 


s 




Tg. red 2 ) 

exp 6 J 


(ID 


( 12 ) 


(13) 


(14) 


In the expressions (12) and (14) T gi red i = — 


and T g .red>=T- 


g+V 

are the reduced time constants of the generator after “cutting-off* forcing and before, 

when the circuit is open. U go and Ug.fin &re the initial and final values of the vol¬ 
tage, determined by the change of the cut-off voltage U co . 

Assuming the control time t - t r we can find the coefficient of the feedback Kbg 

from the above equations. Beginning from the conditions of starting before “cutting- 
off* forcing (14), we obtain 


K 


bg 


1 

K 


t 


In 


FiK 


T\ 


'g 




Co 


(15) 


The right choice of Kbg can be checked by calculating the transient process by 
the complete equation. 

The equation and the parameters of the field control of the roll-drive motors are 
set up in a similar way: 


1 


'in’ 


F am K m(l+pTa) (1 +pTe j (1 +pTm) , 


(16) 


where K m — K am F- em K m , the amplification coefficient of the system; T a , T em , T m 
the time constants of the amplidyne, the exciter and the motor respectively; 


K. 


; K 


em 


; K 


m Mem M ’ 


'am \F am ’ ‘'em w am 
Fam - Fim + Fpf — Fdm — Fb the m.m.f. of the amplidyne AM: 

F im + KdJcoc ^ — ^ dm ~ P {^ bem \- K bm +K bem pT m )}, 


F 

am 


where 
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fy-V* K rf=-^ W PF 




^drJJ’m ^coc^ 1 
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where U s is the system voltage; Rp is the total effective resistance of the standard 
potentiometer, = Fbem + Fbm the m.m.f. set up by the two flexible feedbacks. 

Substituting these expressions in (16) we obtain i m = ( Fi m + Kd m i co ) K m . 


_ 9 _1 _ 

( l +P T a)( l +PTem)(l+pT m )-i-K m {K dm -K p f + p{K bm + K bem (i+pT m )]} < 17 > 

In the period of increasing flux up to the instant of "cutting-off* forcing the differen 
tial winding does not take part in the operation. 

Therefore, assuming Fdm ~ we obtain^ for the given condition : 

*'*' Fim ( ! +P 7 ’oH 1 +^m)( I + P T m) + l (m{p[K bm + K bem (i +P T m)] — Xp/J (18) 
or 

l m= F im K mTaTeJmp3 + [Tm(Tgm+ Ta + KmKbe j + r a r e j f + 

i _ 

\T a + T em + T m + Ku(K bm + K^ e ^)]p — (Krrftpf—1) (19) 

Usually K m K p f» 1. In this condition one root of the characteristic equation is posi¬ 
tive, which indicates the increasing rate of rise of the field current. When the cur¬ 
rent i m has reached the cutting-off value, it is necessary to use (17). 


In order to use the analytical formula for zero initial conditions for the calcula¬ 
tion of the excitation flux increase, the calculation is suitably made not for the 
current itself but for the field current increment, i.e. the co-ordinate origin must be 
transferred to the point corresponding to the initial steady-state excitation current 
of the given state of excitation. In this case we have always to calculate first the 
initial theoretical effective value Fim, 
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FIG. 4. Conditions of the control of the excitation 
flux of the roll-drive motors 300 ... 100 ... 300 A 

*„"»» = J°° A ’ [ ' c °= 240 A ; W = 100 A; F im =20 AT;' 

fe~-nTa" 1 T 5- V; 2 = A ’ 7 A/AT: k pf = °- 6 a t/a ; 

pm-3AT/A; 7 a =0.1sec; T em =0.3sic ; 7’ m =6sec. 
1 - with K bm - 0.18; K bem - 0; 2-with K bm = 0.1; 

K bem = 0.005. . 
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F imr F imo + 0. ^Q) 

where Fi mo is the m.m.f. of the input winding; i mr is the motor field current corres¬ 
ponding to the initial state of excitation. 

For a more precise determination of the effect of the positive feedback of the 
excitation current and of the flexible feedbacks on the transient control process cal¬ 
culations were carried out for two values of the coefficient of the positive feedback 
Kpf and for two different methods of obtaining the flexible feedback: * 

a ) Kbm ^ 0 ; K-bem = 0 ; 

b) Kbm 7 ^ 0; Kbem ^ 0. 

Diagrams of the calculated transient processes are shown in Figs. 4 and 5. 


F im~ 20A; K m~ 25AT/T; 

0*1 sec; 0,3sec; 

r m- 6see; -0,1; 

K bern m °* 005 * ^—with 
Kpf*m O.SAT/Ajj?— with 

'Kpf « 0,6 AT/{A 


a 

ZOO 

wo 

0 



FIG. 5. Increase of the excitation flux of the roll-drive motors. 

Fim = 20 A; K m = 25 A/AT; 

T a ==0.1 sec; T em = 0.3 sec; 

Tm = 6 sec; K^ m = 0.1; 

Kbem, ~ 0.005. 

1 - with K p f =0.3 AT/A; 

2 - with K p f =0.6 AT/A. 


When the intermediate flexible feedback is in action, the time constants T a and 
Tem can no longer be neglected, since owing to the inclusion of a large resistance 
in the field circuit of the exciter, the time constant T e mis relatively small. The cal¬ 
culations must be made according on the complete third-order equation. However, in 
some cases it is possible to confine it to the second order. Just as in the field con¬ 
trol of the generators, the intermediate flexible feedback is not absolutely necess¬ 
ary here. In this case 





1 

f (KpfK m ~ 1) t m ) 

K m j 

i in i 

l fn< 

F~K^( K Pf K m~ ] )+' 

F 1 m 

j 


( 21 ) 


But in the field control system of the motors the intermediate flexible feedback re¬ 
sults in an improvement of the transient performance when the flux is increased, al¬ 
though the performance deteriorates slightly when the flux is decreased. 


Fig. 6 shows an oscillogram of the control processes of the motor field ob- 
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tained on a laboratory model with only one intermediate flexible feedback in opera¬ 
tion. The character of the change of the flux <3? is entirely satisfactory. The over¬ 
regulation of the flux is small, the over-regulation of the field current im reaches 
17%. This discrepancy between current and flux is explained by the effect of eddy 
currents. 

It is recommended to provide the controller for balancing the loads and speeds 
with a non-linear resistor in the circuit of the winding connected to the difference 
of the tachogenerator voltages. The function of this resistor is not to prevent the 
regulator from balancing the motor loads. Owing to the non-linearity the winding be¬ 
gins to act effectively only from a certain permissible difference in speed onwards. 

The m.m.f. of the regulator AR, produced by the current windings, is proportion¬ 
al to the difference of the load currents Fj\J = F/A/. 













The m.m.f. of the winding connected to the difference of the tachogenerator vol¬ 
tages is Fa n = Kn&n. 


itMmmmfa $ * a#! 


*• \ AM A ^ U.k » *.! 


ri|p - ^ —-~- 

if iG. 6. Useillogram of the control conditions of the excitation flux of the motors 

°J the JtTrZ m : deL h? = 7 ' 5 A; = 4 - 9A; W=s A; = 1 - 5 A / AT ; 

K p f- 8.33 AT/A; T a - 0.05 sec; T em = 0.117 sec; T m = 1.06 sec; K dm = 29.8 

AT/A; 


The speed difference produced by the rolling process determines the unavoid¬ 
able difference of the loads under conditions of equality of the initial value of the 

generator e.m.f.’s Eg\ = Fg2* an< ^ °f the e.m.f.’s of the motors E m \ - E m 2 . In this 
case 

^4 m d+ P U A/, 


where R arm and T arm are the resistance and time constant of the armature respect- 
ively, C is the motor constaut. 

The m.m.f. of the error signal of the controller F e consists of two components 
F & I and F \n- 

F e = F u + F An =M {K, — K„ ~ m (1 +pT a rm)J 

or 

F,^ A l{{K,-K,iS’)~K^ P T m }. 

Denoting c °™ = A with T arm = 0, we obtain: F e = A/ (Kj _ K n A ). 
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This equation shows that the presence of the winding setting up F/\ n prevents 
the balancing of the loads. On the other hand, it is obvious that this winding can 
prevent the possibility of the development of a large discrepancy of speeds which is 
especially undesirable during the gripping of ingots by the rolls. 

The load controller is designed according to well established principles. The 
m.m.f. of the current winding of the amplidyne AG decreases the acceleration of the 
motors during the overloading on starting and retards the reduction of the generator 
voltage during braking periods. The m.m.f. of the current winding of the amplidyne 
AM increases the excitation flux of the motor when the current exceeds the set 
value. As the speed of the motor rises, the setting is reduced by the ^amplidyne, one 
of which is connected to a voltage proportional to the field current. The amplifica¬ 
tion factor must be chosen for the extreme case viz. overloading in the beginning of 
the weakening of the excitation flux of the motor. The m.m.f. of the current winding 
must discontinue initiating a decrease of flux and effect its increase [2]. During this 
period the motor current may exceed the setting (error of the steady-state regulator) 

by a value A/, smaller than the difference between the setting of the first stage pro¬ 
tection and the setting of the regulator. 

In some cases, where it is desirable to have a large amplification coefficient of 
the regulation and to improve the characteristic of the drive, it is recommended to 
use an amplidyne in conjunction with a magnetic amplifier and filters similar to the 
arrangement shown in [4], The large number of control windings of the magnetic am¬ 
plifier enables all the feedbacks described to be connected up. When an amplidyne 
system without a magnetic amplifier is used, where the number of control windings 
(four windings) is not sufficient, the introduction of feedbacks into the motor field 
control system can be achieved by means of stabilizing transformers connected to 
the output of the amplidyne, which corresponds to the intermediate feedback and to 
the unbalanced bridge circuit connected to the field winding of the motor. The un¬ 
balanced system furnishes a m.m.f. consisting of two components one of which is 
proportional to the field current and the second, to the rate of change of the flux. 

Testing the new system 

The basic solutions of the new system passed a laboratory test; successful in¬ 
troduction of the new system into the industry has begun. On the plate mill 2800 at 
Voroshiiovsk operating station the system shown in Fig. 7 has been used. The 
drive of the upper and the lower rolls was obtained from virtually independent sys¬ 
tems, connected only through the windings of the amplidynes AG 1 and AG 2. The 
windings were connected to the difference of the voltage drops in the interpoles and 
the compensating windings of the motors, and also to the difference of the voltages 
of the two tachogenerators. The amplification factors of these amplidynes were very 
low, otherwise, there would have been a danger of loss of stability. On the other 
hand, a reinforcement of the stabilizing devices would lead to an inadmissible re¬ 
duction of the intensity of the forcing of the basic transient processes owing to the 
common control channels. The balancing members operated very unsatisfactorily 
after the “cut-off* of the forcing when the voltage control system prevented its ac- 
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FIG. 7. Elements of the control system of the mill 2800. 
a) before b) after modernization. 

tion. 

As a result of these shortcomings inadmissible bending of the ingots was ob¬ 
served during rolling and the difference in the motor loads reached 50 - 60% of the 
rating, and sometimes even higher values. 

On our recommendations the system was altered to that shown in Fig. 7b. The 
exciters used in the original circuit and part of the amplidynes were retained. In the 
modernized ciruit the controller was connected into the diagonal arm of the bridge 
formed by the windings of the generators and the armatures of the exciters. 

The system as a whole was considerably'simplified, one amplidyne. one setting 
generator, several stabilizing transformers and other elements being eliminated as 
no longer required. 

The positive results of the combination of the controls of the basic processes 
and the regulator performance are shown in the oscillograms Fig. 8. 

Fig. 8a shows the rolling with disconnected regulator; the difference of the 
loads h and / 2 was in this case smaller than that observed before modernization. 

Fig. 8b shows the rolling with the regulator operating but with the winding 
acting on the difference in speeds disconnected. It follows from an analysis of the 
oscillogram that as a result of the regulator action the steady-state motor currents 
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FIG. 8. Oscillogram of rolling operation on the 2800 mill after modernization, 
a - regulator disconnected b - regulator connected, but without the winding speed 
balancing c - regular connected with all its windings. U 19 U 2 - generator volt¬ 
ages; I 19 I 2 - motor currents; l f - armature current of the amplidyne (regulator 
current) i^ n - current of the windings of the amplidyne AR connected to the differ¬ 
ence of the tachogenerator voltages; n - motor speed. 

during the rolling are sufficiently close together. The largest discrepancy between 
h and I 2 is observed immediately after the gripping of the metal by the rolls, which 
is explained by the difference in speed between the upper and the lower roll during 
gripping* The regulator current i r caused by the difference of the motor currents 
rises fairly steeply and leads to the balancing of the loads. 

Fig. 8c shows the operation of the system with the regulator in action, all its 
windings being connected. It can he seen that as a result of the action of the wind» 
ings responding to the difference of speeds (current i\ n shown) the generator volt¬ 
ages Ui and U 2 differ very little in no-load conditions and, consequently, the differ¬ 
ence of speeds and the difference of the motor currents / x and / 2 is negligible. 

The increase of the difference of the currents in steady-state conditions of 
rolling, caused by the effect of the speed-balancing windings is small and does not 
impair its positive effect under other conditions. 

The results of the analysis of the control system of the rolling mill with inde¬ 
pendent drives of the rolls, the tests of the component circuits and also the experi¬ 
ence with the modernization of the electric drive of the rolling mill 2800 at the 
Voroshilovsk works enable the new system to be recommended for newly planned or 
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reconstructions of existing rolling mills. The replacement of stabilizing transformers 
by differential-bridge circuits simplifies the control system and can improve the 
transient (dynamic) features of certain types of drives. 
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INVESTIGATION OF OVER-VOLTAGES DUE TO ARCING 

EARTH-FAULTS IN 6-10 kV SYSTEMS 

WITH INSULATED NEUTRAL * 

♦ 

N.N. BELYAKOV 
(Received 4 September 1956) 

The mechanism of the formation of over-voltages at arcing earth-fanlts in systems 
with insulated neutral or neutral earthed across high active or inductive resistance 
and the possible magnitude of these over-voltages is still not sufficiently known. 

It is believed that arcing fault over-voltages can reach 4-5 times the phase voltage 
and perhaps more. 

In the power systems of the Soviet Union the over-voltages due to arcing earth 
faults are considered to be harmless for normal insulation i.e. insulation that with¬ 
stands operational test voltages [ 1 ]. Actually, experience shows that with system¬ 
atically conducted prophylactic tests and with planned routine maintenance of the 
system earth-faults on one phase are not followed by faults on the other phases. 

But deductions of the magnitude of the over-voltages from the puncture or flashover 
voltages of the insulation require caution. A wrong opinion of the magnitude of the 
over-voltages and their increased danger may be formed in poorly insulated syste'ms, 
terns, especially cable systems in the absence of prophylactic tests [3]. 

The principle of the formation of the over-voltages during arcing was discover¬ 
ed by Petersen [4] who also estimated the maximum magnitude with consideration 
of the majority of the influencing factors including phase to phase capacitance and 
attenuation. 

The behaviour of the arc is important, especially the moment of restrike and 
extinction, for a realistic estimate of over-voltages. The theories of the formation 
of over-voltages through arcing earth-faults put forward by different authors [4-7] 
are based on different assumptions of the arc properties. Petersen assumes that 
the arc extinguishes at the zero passage of the current of the natural oscillations 
(i osc - 0) and strikes again at the next maximum of the power frequency voltage. 
Such idealization of the arc properties gives the severest possible conditions and 
therefore the upper limit of the over-voltages obtained by Petersen is doubtless 
correct. 

* Elektrichestvo No.5, 31 -36, 1957 [ Reprint Order No. EL20]. 


25 



26 


Investigation of over-voltages due to arcing earth-faults 


But none of the proposed theories has been verified by tests. One can often 
find in oscillograms the extinction of the arc in accordance with Petersen ? s theory 
(&osc = 0) or with that of Peters-Slepian (at zero passage of the power frequency 
current ip). For example oscillogram, in Fig. 1 shows that the arc extinguishes 
several times at ip = 0 (points 1, 3, 6), once at i osc = 0 (point 5). Besides thrffc 
extinctions after zero passage of the oscillating current are observed (point 4). 

Thus the forms of behaviour of the capacitive arc are manifold. And the exist¬ 
ing theories do not explain the phenomena actually occurring. The laws governing 
the extinction mi the intermittent arc remain unexplained. 

Ch. M. Dzhubarly did not obtain over-voltages exceeding 3 Uph [8] in tests 
carried out at the TsNIEL, hut his theoretical explanation of the limitation of the 
arc over-voltages is not convincing. 

The purpose of the present article is to determine the properties and the be* 
haviour of the capacitive arc in 6-10 kV systems from systematical tests and to 
establish the over-voltage level on the basis of these data. 

Arc and over-voltage tests were made on system models with lumped capaci¬ 
tances. The basic 6 kV system was supplied through a 5600 kVA transformer 35/6 
kV. Tests were also made in a 6 kV cable system without load. 

The models permitted a variation of the test conditions over a wide range and 
the obtained over-voltages include a certain margin since in actual system condi¬ 
tion the distributed capacitance and the attenuation will further reduce the over¬ 
voltages. 

Greatest attention was given to systematical tests of the arc in air, drawn out 
by an isolator. Other tests were made with the arc across a pin-type insulator, in 
the slot of a machine, in a cable, under oil, in a cable joint, etc. 

The extinction conditions of the capacitive arc 

The character of the recovery of the voltage in capacitive circuits has a strong 
effect on the arc behaviour. The phenomena connected with the extinction of the 
capacitive arc may be considered for the case of the single-phase circuit, Fig. 2a. 

The voltage at the unfaulted capacitance may be U 0 at the moment of zero 
passage of the current, when extinction takes place. After extinction the system 
neutral is displaced by the voltage value Vdis = ^ - The voltage of the system 

generator is superposed to this. But the transition from the original condition 
{Vf =0) to this new condition takes place in form of the extinction oscillations 
with the frequency co osc - 1/ V LC/2 . In half a cycle of such oscillation (J osc / 2) 
after the zero passage of the current, the voltage across the arc gap reaches its 
first high-frequency maximum U om (Fig. 3). The voltage reaches its second 
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FIG. 1. Earth-fault in a three-phase system with in¬ 
sulated neutral. 

Voltage 6 kV, Capacitive earth fault current / = 105A, 
phase-earth capacitance C = 28.8 p F, phase-phase 
capac itance C m = 0. Transformer 5.6 MVA, 35/6 kV. 
u u , £ voltage of the unfaulted phase, lagging behind 
Id ~ v °ltage of the unfaulted phase, leading the 
faulty phase. 

Uj -voltage of the faulty phase. 

i -arc current. 


maximum as a result of the change of the generator voltage of power frequency. 

The magnitude of the high-frequency maximum of the restriking voltage equals 
twice the differe nee between the displacement voltage and the phase voltage 

Uom ~ 2 (Udis ~~ Uph ) (1) 


Fig. 2a, shows that the voltage on the capacitance of the unfaulted phase at 
the moment of arc extinction differs from the generator voltage by the voltage drop 
across the inductance of the circuit, therefore 

. 2 o 


u 


■o 


dis' 


Substituting U dis in (1) we obtain 


V 


om 


L 


dV 

dt 


l m 0 


( 2 ) 
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^IG.2, Circuit diagram of the system with insulated neutral, 
a - single-phase. e x = Uph sin (cot + i/j) e 2 = - U nh sin (cot + xjj) 
b - three-phase. e 3 *=- U p h sin. (cot + \Jj) -e.m.f.'of faulty phase, 
ei = — Uph sin (cot + xfj ~ 120°) . 

= — £/ ^ sin (&>£ + if/ + 120°) -e.m.f. of the unfaulted phase. 

i.e. the high frequency maximum of the restriking voltage equals the inductive 
voltage drop of the circuit at the moment of zero passage of the current. The rela¬ 
tion (2) remains correct at any phase of the e.m.f. of the generating source at the 
extinction moment. 

The recovery of the voltage after extinction of the earth-fault arc in a three- 
phase system with insulated neutral (Fig. 2b) has also the character shown in 

Fig.3. 


2 

FIG. 3. Recovery of the voltage on the faulty phase 
after extinction of the capacitive current. 

A more thorough examination of the arc extinction process by means of c.r.o. 
permitted to establish the following essential fact: The extinction of an open 
capacitive earth-fault arc takes place at each zero passage of the current but the 
arc strikes again within a small fraction of the natural oscillation cycle. The for¬ 
mation of the arc takes place following the breakdown of the gap before the first 
maximum (Fig. 4, points 1 -5). With a large rate of rise of current this breakdown 
takes place long before the restriking voltage has reached its first maximum. This 
breakdown voltage may be designated as The existence of the extinction and 

the rapidly following restrikes is also ah own by the fact that the current in the 
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oscillograms in every new half-cycle of the h.f. oscillations has a steep front which 
is explained by the surge of the discharge current of the capacitance of the faulty 
phase. 

'fhe conditions where the capacitive arc extinguishes after a long time inter¬ 
val (after a greater part of the power frequency cycle) are of major interest. Ex¬ 
periments show that this type of extinction is possible only when the first maximum 
of the restriking voltage does not exceed a certain critical value: 





This critical value l) obviously depends on the dielectric strength of the 
gap for the time interval of one half-cycle of the natural oscillations. If the 
condition (3) is not fulfilled the extinction is not achieved, i.e. the arc strikes 
again (Fig. 5). 


In order to determine the numerical value of the critical voltage U cr from the 
oscillograms it is necessary to determine the magnitude of V om or t/^^for every 
passage of current zero. Fig.6 shows the distribution of the frequency of occur¬ 
rence of these values in general for all capacitive currents since the magnitude 
of the current has practically no effect on this distribution. The maximum values 
of V Qm and ^ differ only slightly from each other and it is possible to ascribe a 
common upper limit of 1800 V for both. This limit determines also V cr . 



FIG. 4. Arcing earth-fault in the single-phase circuit 

with insulated neutral. 

Arc on the isolator, l c = 4.4 A, C = 2 fi F, C m = 0, 

Transformer 5.6 MVA, 35/6 kV. 

The experiments show that the velocity of drawing out the arc with the iso- 
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lator affects only the rise of the restriking voltage but not the extinction condi¬ 
tions. The fact that the current magnitude and the velocity of drawing out the arc 
have no effect on the extinction conditions of the capacitive arc is explained by 
the same growth in electrical strength of the gap in all cases during the short time 
intervals which possibly indicates the importance of the electrode effects and file 
thermal inertia of the arc column. All oscillograms with relatively high values of 
^om an d &bd were used in the analysis of the test results. Besides that our distri¬ 
bution contains oscillograms of which more than 12,000 extinctions have been 
recorded with values of U om and U below the obtained maximum. 

The task is to determine the 
upper limit U cr , Therefore, one 
has to set out from the minimum 
oscillating frequency possible in„ 
practice. The above value of V cr 
was obtained from tests in which 
th is frequency was reduced down 
t° cq osc =5 co although in actual 
systems this value id ten times 
the power frequency or more. 

The above value of U cr is 
0.37 U cr for 6 kV and 0.22 (J p ^ 
for 10 kV systems. For simpli¬ 
fication of the calculations and 
also for inclusion of some margin 
in the estimate of the possible 
over-voltages we assume for 6 
and 10 kV systems U cr = 0.4 U p h * 


(4) 

The tests with the arc across a pin-type insulator, in the machine insulation, 
in a cable, under oil and in a cable joint give a relation between V om and U ^ 
close to that obtained with the arc across the isolator. Therefore, the magnitude 
of the h.f. maximum of the restriking voltage U Qm remains the limit under different 

conditions of striking the arc and the maximum over-voltages are the same as with 
the arc across the isolator. 

The arc in the cable and in the machine insulation has a low striking voltage 

* Our rounding off means in the case of 10 kV systems an increase in the over-voltage 
magnitude of 3%. 



FIG. 5. Extinction and restriking of the arc. 
1-extinction achieved, 2-extinction not 

achieved. 


itfe see that 

^ om — 0.4 £/p^ 
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FIG, 6 . Distribution curve of the values of U om 
and Ufrd (plotted on the basis of 2800 extinctions). 


(*4 < U h ) and its magnitude hardly changes while the arc is burning. The arc 
can stay for a very long time. 


Maximum over-voltages 


The important value of the displacement voltage lldis °f the neutral (the 
general potential of the system with respect to earth after arc extinction) is 
limited owing to the limitation of the voltage U om . Actually Fig. 3 shows that 


Vdis = u ph + K u om 

(5) 

and since V om £ 0.4 Uph? that always 


^dis ~ 1.2 Uph 

(6) 


Equations (5) and (6) are valid for single-phase and three-phase systems. The 
magnitude of the over-voltages can be determined from the formula 


where 


U 

max 




C 


c + c m 


(1 -- d) 



l ’fin aad °in are the fiBal and initial voltages; 

C and C m are the phase-earth and phase-phase capacitances 

d) — is the coefficient taking account of the decrease in ampli- 
tude owing to phase-phase capacitance and attenuation. 

The tests show that the main cause of attenuation is not the loss in the arc, 
as it was considered to be by some investigators [8], but the losses in the other 
parts of the circuit. With metallic fault connection no decrease of the attenuation 
was observed as compared with the intermittent arc. With the drawn out arc the arc 
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voltage drop was very often considerably smaller than the source-voltage (50- 100 V 
against 6000 V) even up to the moment of final extinction. Thereby the coefficient 
(1-d) may be about 0-98-0.99 [7, p. 530 ]. During the tests on the models the 
highest value of (1-d) was 0.9. This value should be taken for the determination 
of the maximum over-voltage since the attenuation in actual systems is even great¬ 
er. 



FIG. 7. Arcing fault in a single-phase system with 
insulated neutral (arc under oil). 
l c = 11 A, C = 5 (± F, 6^ =0. Transformer 3.2 MVA, 

35/6 kV; u u voltage of the unfaulted phase, uj vol¬ 
tage of the faulty phase. 


The tests show that restriking can take place at any moment including the 
moment for which the over-voltage becomes highest. 


Thus,* knowing the magnitude of the displacement voltage and the attenuation 
coefficient and assuming that the restriking takes place at the moment which pro¬ 
duces the highest over-voltage, one can determine the maximum over-voltage. 

Assuming that restriking takes place at the moment of maximum e.m.f. of the 
faulty phase with the same sign as the displacement voltage we obtain for the 
single-phase circuit and for C m = 0 



2u pt + I«k- ».%,)) 0.9 ~ *U t 

Applying (7) to the three-phase circuit we consider that the e.m.f. of the faulty 
phase changes according to the law ey =-U ph sin (Q t + if/ s ) whereby the time is count¬ 
ed from the moment of restrike. We determine the magnitude of the positive over-voltage 
on the unfaulted phase (U max > 0) which is lagging behind the faulty phase. Considering 
that for the formation of such over-voltage the restrike must occur with negative e.m.f. of 
the faulty phase and that with a negative displacement voltage (Ujig < 0) we obtain 

U in, = - u pk sin (<j, 3 - 120 °) + U dis = 

= U ph cos(30-’- W + c/d . s 

^ fin VW ph sin ('i>g -j- 30°); 

u max= V 3£/ pA .sin (<p 3 4- 30°) -f (£/ pA sin — U di$ ) (t—d). {8) 



The maximum over-voltage occurs on restrike at 

1*3 tan |/3 

With C^n = % C, which is characteristic for 6-10 kV cable systems and (l-d)= 0.9 
and more, the maximum over-voltage Would occur on restrike at = 68°, i.e. when 
restriking occurs somewhat before the maximum of the voltage. Substituting in 
(8) the values: (1 -d) = 0.9, C = 3C m , i// s = 68° and U dis = -1.2 V ph we obtain 
for the maximum overvoltage: 

Umax “3*2 ^ ph. 

On the faulty phase the over-voltage may reach the value: 

Umax,f ~ Vdis + Uph “ 2.2 

The formation of the maximum over-voltage in a three-phase system is illus¬ 
trated in Fig. 8. 

For verification of the calculated maximum over-voltage mass observations 
were made with c.r.o. with very small time scale. An oscillogram thus obtained in 
a single-phase circuit is shown in Fig. 9. 



FIG. 8. Formation of the maximum possible 
over-voltage in a three-phase system with 
insulated neutral. 

Symbols (u u ,lg « u , Id, u f, i) as in Fig. 1. 
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The calculated and measured over-voltage values for the three-phase circuit 
are given in the table, which shows that the measured values are in good agreement 
with the calculated ones. The maximum over-voltages are practically independent 
of the capacitive current and are relatively rare since several conditions must 
coincide for their formation. 



i-- 

t 

II II 

■ 7.5 A 

■ 2fiF 

II II 

^ o 

23 A 

6fiF 

i c = 
c = 

45 A 
12ftF 

ll li 

CJ 

100 A 

30fiF 


Calculated 

Values 

Cml F 

U 

max 

U r 

max, f 

i 

U 

max 

^max, f 

i 

U 

max 

U f 

m ax s t 

■ 

U ( 

max, f 

Number of 
faults 

3.62 

0 

3.45 

2.00 

_ 

_ 



•mum 

mmm 

200 

3.62 

0 

— 

— 


2.02 

— 

— 

— 

— 

100 

3.20 

2 

— 

— 

2.91! 

2.15 

— 

— 

—- 

— 

200 

3,62 

0 

— 

— 

— 

— 

3.50 

2.10 

— 

— 

200 

3.20 

4 

— 

— 

— 

— 

3.05 

2.14 

— 

— 

300 

3.62 



— 

— 

— 

j 

-i 

3.44 

| 

2.12 

100 


The actual mechanism of the formation of the over-voltages 

Extinction takes place when the h.f. maximum of the restriking voltage is suf¬ 
ficiently small and therefore also the rate of change of the current is sufficiently 
small at the zero passage. This is the case for the first zero of the oscillating 
current (usually with small striking voltage) and after some attenuation of the tran¬ 
sient process. Arc extinction is also possible after transition of the oscillating 
current into the power frequency current, especially when the latter goes through 
zero. 

For the formation of the maximum over-voltage it is not necessary to have a 
number of restrikes. Therefore, it is sufficient for its determination to consider 
one cycle extinction-restrike. In that cycle the extinction must take place at the 
moment of maximum e.m.f. of the faulty phase and at the maximum rate of change 
of the current permitted for the extinction, and the following restrike must occur 
somewhat before the voltage peak. The cause of the often observed increase of 
the over-voltage towards the end of the arcing time is not the cumulative effect 
(i.e. the increase of the displacement voltage) but the gradual increase of the 
striking voltage owing to the increased arc length. 

The increase of the displacement voltage, of the neutral is connected with the 
simultaneous increase of the h.f. maximum of the restriking voltage. The actual 
arc gap cannot withstand a rapid increase of the restriking voltage so that the 
possible maximum of the oscillation is limited and consequently also the displace¬ 
ment voltage. Thus, the limit to the over-voltage is set by the finite and relatively 
low electric strength of the arc gap which by the very nature of the phenomenon 
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FIG. 9. Values of the over-voltages in the single-phase circuit with insulated neutral. 

I c ~ 55 A, C ~ 25.3 fiF, C m — 0. Transformer 3.2 MVA, 35/6 kV. a - voltage of the unfaulted 

phase, b - voltage of the faulty phase. 


cannot de-ionize instantly. 

The attenuation coefficient (1 - d), obtained in a cable system of 6 kV, with 
load, is 0.7 - 0.75. It is naturally smaller than on the model. The resistance of the 
current path of the natural oscillations has a strong effect on the attenuation in 
actual systems. The effect can be so strong that the actual system may be incap¬ 
able of oscillating. This is the case when the earth-fault in a system with high 
capacitive current occurs at a point remote from the centre..This is illustrated by 
the oscillogram. Fig. 10, *) obtained in a system with a capacitive earth-fault cur¬ 
rent of 100 A. The earth-fault occurred at a pint in the system remote from the 
supplying busbars. The transient process after striking is aperiodic. The voltage 
of the unfaulted phase did not exceed the phase-earth voltage, i.e. over-voltages 
did not occur. 

Conclusion 

The laws governing the extinction of the intermittent earth-fault arc and the 
possible magnitude of the over-voltages under different conditions of the arc (in¬ 
cluding different system voltages) are found by determination of the electric 
strength of the arc gap immediately afte r extinction and its comparison with the 
magnitude of the h.f. maximum of the restriking voltage. 

* The oscillogram was kindly offered by F.A. Likhachev (ORGRES). 
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The extinction of the capacitive arc is not controlled by the frequency of the 
natural oscillations nor by the power frequency. Extinction takes place if the h.f. 
maximum is below a certain value. The extinction conditions set a limit to the dis- 
placement voltage of the neutral. 


FIG. 10. Arc fault on an insulator in a compensated 
system, 6 kV, with load. 

U x voltage of the unfaulted phase, U$ voltage of the 
faulty phase. Degree of mistuning v = -9 per cent. 
Earth fault current I e — 9.6 A. 



Since the check tests under different conditions of arc formation agree with 
the results of arc tests on an isolator, a general conclusion can be drawn on the 
magnitude of the over-voltages caused by earth-fault arcs in 6 *10 kV systems with 
insulated neutral. The maximum values of these over-voltages do not exceed 3.2 
Uph and they are not directly dependent on the magnitude of the capacitive cur¬ 
rent. They occur relatively rarely since for their formation several conditi ons must 
he fulfilled simultaneously. With large capacitive currents the arc may remain more 
stable and thus reduce the over-voltages. 

The author is indebted to V.V. Burgsdorf for a number of valuable suggestions 
in the preparation of the present article. 
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ARC-QUENCHING PROCESSES IN AIR-BLAST 

CIRCUIT-BREAKERS* 


V. GUSA and Ya. TSIGELKA 
(Received 1 August 1956) 

The increasing powers of modern electrical systems account for a corresponding 
increase of the breaking capacity of the h.v. circuit-breakers, particularly the 
air-blast breakers, the use of which is spreading all the time. The present communi¬ 
cation proposes to investigate the factors influencing the quenching of the arc 
in air-blast circuit-breakers and the practical methods available for increasing 
the breaking capacity of these breakers. 

The experiments were carried out on circuit-breakers of type SR, rated at 
10 kV. The design of the quenching arrangement of this breaker type is shown 
in Fig. 1 and the main parameters given in the following Table. 



Rated air 

Nozzle 

Travel of 

Breaker type 

pressure 

diameter 

moving contacts. 


abs. atm. 

(d) mm 

(1) mm 

SR205- 10/600 

12 

22 

185 

SR405 -10/600 

12 

35 

210 

SR605- 10/600 

21 

45 

225 



* Elektrichestvo No. 5, 37-39, 1957 [Reprint Order No. EL 2l]. 
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Tests on the clearance of single-phase short-circuits, carried out at 9kV and 
at a frequency of the restriking voltage of 4.5 kc/s produced results which can he 
represented by the following empirical formula, 

J sh = 5.35p°* 30 F°- M , (1) 

where, I $ ^ is the amplitude value of the limiting short-circuit current cleareS, kA; 
p the air pressure in the air receiver of the circuit-breaker, abs. atm.; 

F cross-sectional area of the nozzle, cm 2 . 

This relationship is graphed for the pressures of 12 and 21, abs. atm. in 
Figs. 2 and 3. 

The limiting breaking current, represented by (1) corresponds to the current 
at which the nozzle of the breaker is pluged by the thermal energy evolved by the 




Arc-quenching processes in air-blast circuit-breakers 


39 


arc. This phenomenon is generally interpreted in the following way. 

Evolution of heat by the arc reduces, as it were, the cross-section of the noz¬ 
zle, this reduction of the effective cross-section being the greater, the higher the 
current passing through the circuit breaker. The reduction of the cross-section of 
the nozzle entails a corresponding reduction of the air supply for arc quenching, 
so that at a certain magnitude of the short-circuit current the circuit breaker will 

no longer be able to interrupt this current; in other words, the nozzle of the circuit- 
breaker is plugged. 

It is clear that for equal values of the breaking-current the phenomenon of 
nozzle-plugging will be more marked at smaller nozzle diameters, i.e. smaller noz¬ 
zle diameters will reduce the breaking capacity of the given circuit-breaker. 

However, experiments showed that the magnitude of the limiting breaking 
current does not always correspond to the volume given in (1). For example, a 
breaker of type SR205 at pressure 21 abs. atm. of the quenching air can inter¬ 
rupt a current of 42 kA as against 19.5 according to (1). 

To find the causes of this surprising increase of the breaking current during 
the circuit-breaker tests, we carried out measurements of the voltage drops in the 
arc.-These measurements showed that for the short-circuit current of 30kA the 
voltage drop in the arc after the zero-passage of the current begins to rise steep¬ 
ly, falling again with similar abruptness after reaching a certain value, to rise 
again only immediately before the end of the half-period of the current curve 
(Fig. 4,a). At a current of 15 kA there are no such “breaks” in the curve of the 
voltage in the arc (Fig. 4,b). This phenomenon may be interpreted as follows. 

At every instant the diameter of the arc depends on the current in the arc at that 
instant and so long as the arc diameter is small, the arc will burn, being drawn 
out to a comparatively great length (Fig. 5,a). The voltage drop in the arc will 
then have a certain value. When the current increases, there will be an instant 
at which the actual diameter becomes equal to the diameter of the nozzle, in this 
case the length of the arc is considerable reduced and the arc fills out complete¬ 
ly the nozzle opening. This is the instant at which the nozzle is plugged by the 

arc column (Fig. 5,b). This causes a considerable decrease of the voltage drop in 
the arc. 




a) b) 

FIG. 4. 


r 10001 V 
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FIG. 5. 

Later dfc the current, having passed through its peak value, falls with a si¬ 
multaneous reduction of the diameter of the arc column and at a certain value of 
the current the arc diameter becomes again smaller than the diameter of the noz¬ 
zle opening. At this instant the air pressure detaches the arc from the walls of 
the nozzle and draws the arc out; the voltage drop in the arc increases again. 

The plugging of the nozzle interrupts the air flow, as the result of which 
the pressure of the air before the nozzle increases to the value of the pressure 
in the air receiver. The great difference of the pressures before and behind the 
nozzle quickly restores the maximum velocities of the air flow once the nozzle 
is free again, which leads to rapid arc-quenching. 

We find, therefore, that the plugging of the nozzle by the arc column is a 
positive factor acting towards an increase of the limiting breaking-current. It is 
by this phenomenon that we can explain the increase of the limiting breaking cur¬ 
rent of the circuit breaker type SR205 at the pressure 21 abs. atm. as against 
the value obtained from (1). 

On the other hand, we have to consider that at an increase of the short- 
circuit current the time interval between nozzle opening and zero-passage of the 
current is reduced which, in the last result prevents the velocity of the air flow 
from reaching the values required for arc-quenching, so that the circuit-breaker 
can no longer clear the short-circuit currents. 

Let us analyse the phenomenon of the nozzle-plugging by the arc column. 

We assume that the arc is a cylindrical absolutely black body whose temperature, 
and consequently, charge density is constant over the cross-section. The stage 
of ionization of the gas in the column may be expressed in Saha’s equation 

ejE^ 

-r-E—- • p = 3.2• 1 o~ 7 t 2 ' 5 e~ , (2) 

I x * 

where x is the stage of ionization of the gas; 
p the gas pressure, abs, atm.; 

Ei the ionization potential, V; 

T the temperature, °K; 

€ the electron charge, coulomb; 
k Boltzmann’s constant. 
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In (2) the quantity % 2 may be neglected against unity. The justification of 
this assumption will be shown below. The relation between the stage of ioniza¬ 
tion and the current density in the arc may be found from the following equations 

x - n/N and n = j/eEb~ 
wherS n is the number of electrons in 1 cm 3 of gas; 

N the initial number of neutral atoms in 1 cm 3 ; 

/ the current density in the arc; 

E the electric gradient in the plasma; 
b the electron mobility. 

Remembering that, 

b %'^p b o H N== ~T‘it N °’ 


1.68 x 10 5 we get 


( 3 ) 


The energy radiated from the surface corresponding to unit length of the arc 
is determined by Stephan-Boltzmann’s law on the assumption that convection at 
high temperatures is so insignificant as against radiation, that it may be neglec¬ 
ted, viz. 


where P 0 = 1 abs. atm.; 

T 0 = 273°K; 

b 0 = 5.9 x IQ 3 cm 2 /V. sec; 

N 0 = 2.7 x 10 19 1/cm 3 , or considering that for nitrogen eEJk - 
after rearrangement the equation of the arc current, viz 

8 . 4 * 10 * 

I, —238-EF -L T°- To e T 

yp 

where F is the cross-section of the arc in cm 2 . 





where d is the diameter of the arc in cm; 
C = 5.73 X 10- 5 . 


Considering that the arc current 
(3) and (4) we get 


/ = jF and solving simultaneously equations, 

4.2*10* 



= 6.94-10 - 5 p“ 0 - 25 770.752.375 e 




The results of measurements carried out on a circuit-breaker of type SR205 at a 
pressure of the quenching air of 21 abs. atm., showed that the plugging of the noz¬ 
zle by the arc column occurs at the instant at which the instantaneous value of 
the short-circuit current is 21.2kA. Assuming that up to the instant of complete 
plugging of the nozzle the air pressure before the nozzle rises to the value of 
the pressure in the air receiver of the circuit-breaker, i.e. that p = 21 abs. atm., 
and that the section of the arc is then equal to the section of the nozzle i.e. 

F = 3.8 cm 2 we find from (5) that the arc temperature equals 13070°K. 
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Since we may assume that the temperature of the free arc is independent of 
the value of the arc current, we find by substituting the above value of the tem¬ 
perature into (5) the following relationship between arc current, its cross-section 
F and the pressure of the quenching air, p 

I a - 16.65.p-°- a5 f 0 - 75 

This relationship is plotted in Figs. 2 and 3 for the pressures 12 and 21 
abs. atm. 



FIG. 6. 


From Fig. 6 we can determine that for 
nitrogen at the temperature T = 13070°K the 
degree of ionisation x = 0.117. It follows that 
our assumption of the smallness of x 2 in equa¬ 
tion (2) by comparison with unity is justified. 

Fig. 2 also shows that for sections smal¬ 
ler than 12 cm 2 curve l a is below curve . 

This means that for these cross-sections the 
plugging of the nozzle of the circuit-breaker by 
the arc column precedes the clearance of the 
short-circuit current. In the range of cross- 
sections greater than 12 cm 2 , curve l a is above 
the curve l s ^. This indicates that within this 
range no plugging of the nozzle by the arc colurm 
takes place. 


From Fig. 2 follows furthermore, that the cross-section of the nozzle of the 
circuit-breaker SR205 falls into the range where the phenomenon of plugging of 
the nozzle by the arc column takes place. For a nozzle corresponding to that of 
the circuit-breaker SR405 the difference between the currents at which either 
plugging of the nozzle by the arc column or plugging by the effect of the heat 
liberated in the arc takes place, becomes insignificant and the short-circuit cur¬ 
rent is, therefore, determined by the curve I sh . The cross-section of the circuit- 
breaker SR605 falls into the range of plugging of the nozzle as an effect of the 
heat evolved by the arc. 

In the light of the various phenomena of plugging of the nozzle of the 
circuit-breaker considered here the pressure of the quenching air has an effect 
in the following direction. With increasing air pressure the point of Intersection 
of the curves I s ^ and l Q shifts towards the range of larger sections of the noz¬ 
zles and the distance between these curves on the left and their point of inter¬ 
section increases (Fig. 2 and 3). Consequently, in this range of sections the 
conditions of arc-quenching improve. This fact explains, in particular, the com¬ 
paratively greater increase of the breaking capacity of the circuit-breaker type 
SR205 when the pressure is increased from 12 to 21 abs. atm. than is obtained 
for the circuit-breakers of types SR405 and SR605. 
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We may conclude from the above fact that the density of circuit-breakers 
should select its parameters with a view to obtaining plugging of the nozzle of 
the breaker by the arc column before the nozzle is plugged by the heat liberated 
in the arc. It must also be borne in mind that during the plugging of the nozzle by 
the arc column that the nozzle itself is scorched. For this reason an arc-quench¬ 
ing device in which the nozzle represents simultaneously one of the circuit- 
breaker contacts is unsuitable. In particular, the experimental part of the present 
study which was carried out on circuit-breakers with such a nozzle designed 
(Fig. 1). The deterioration of the contact characteristics by the clearance of a 
particularly high short-circuit-current may be of such an order that on the subse¬ 
quent closing of the breaker no sufficiently reliable contact-making can be achiev¬ 
ed. The design of the quenching device should be such that the nozzle serves 
exclusively the purpose of arc-quenching. A further indispensible condition is 
that the arc route should, right from the beginning, be situated in the critical 
cross-section of the model. 

• i 

In the case that the section of the arc increases to a value equal to the 
cross-section of the nozzle and the current still continues to rise, the arc can 
no longer increase its section with increasing current. Owing to this, the current 
density rises as well as the degree of ionization and, as follows from equation 
(5), so does the arc temperature. For exactly this reason stabilized electric arcs 
used for a number of scientific investigations have higher temperatures than the 
arcs in circuit-breakers. 



DETERMINATION OF THE IN - FEED CURRENTS 
(FROM INDUCTION MOTORS) TO SHORT - CIRCUITS IN 

LOW - VOLTAGE SYSTEMS * 

M.O. KAMENETSKII 
(Received 28 May 1956) 

It is a peculiarity of the short-circuit conditions in power systems operated at 
voltages below 1000 V that when the voltage falls induction motors send for a 
certain time current to the point of the fault; this has become known as a in-feed 
current from induction motors”.* 

This peculiarity is not fully considered by the methods of short-circuit cur¬ 
rent calculations in h.v. systems. The determination of the in-feed currents from 
the induction motors was therefore based on various recommendations, so that 
they are determined in very many different ways. 

An experimental determination of the short-circuit currents in an actual 
380 V industrial system was carried out by the Projecting and Experimental 
Department of the Leningrad <i Tyazhpromelektroproekt w . Together with the use 
of the method described below the ratings of the induction motors taking part 
in the in-feed were determined; for the calculation of the short-circuit currents 
the resistances and reactances of the 380 V system were measured and compar¬ 
ed with data in reference hooks. 

The magnitude of the in-feed currents depends on the power rating of the 
motors connected to the system at the time of the fault and on their distance 
from the point of the fault. Other basic data for the calculation of the in-feed 
currents (ratio of starting current and e.m.f. of the motors) can be considered as 
constant for a given motor group. 

No method for the determination of the power rating of induction motors 
which send in-feed current to the fault point has yet been suggested. The se¬ 
paration of this power from the total installed power of all the motors connect¬ 
ed to the system by direct observation is very laborious and with a large number 
of operating motors distributed over a wide industrial area it is impracticable. 
The present recommendations for the calculation of the fault current in systems 

* Elektrichestvo No.5, 40 - 45, 1957 [Reprint Order No. EL 22]. 

The transient electromagnetic processes taking place in the motor during this, period 
are described in [l]. 6 F 
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up to 1000 V ignore, as a rule, this problem; this cannot be justified where a 
large number of motors is connected to an industrial supply system and is 
dealt with summarily. The method of determining the power rating of the motors 
connected to the system at the instant of fault by arbitrary coefficients referred 
to the rating of the step-down transformers has not found a wide introduction 
since these coefficients cannot be reliably determined. Nor does this method con 
sider the system impedances through which the.in-feed currents flow. 

In the calculations carried out in parallel with the experiments it was found 
convenient to determine the required power rating of the motors on the basis of 
the load before the fault. This power was determined (at the junction*points) for 
the groups of motors, which are replaced by equivalent motors. The procedure 
suggested by S.A. Rinkevich [2] for determining the total power connected (rated 
power at the shaft) of a group of induction motors from their reactive power de¬ 
mand may serve as a basis for the adoption of the above method. 

Assuming that the reactive power absorbed by the induction motors at dif¬ 
ferent loads (60 — 80 per cent) is constant, S.A. Rinkevich introduces the con¬ 
cept of the “relative VAr” of all the motors (ratio of the VAr to the power ins¬ 
talled 

^rel ~ p~ » 
n 

which on the assumptions made, which are analysed in the appendix, can also be 
considered to be a constant quantity. 

S.A. Rinkevich determined experimentally values of the relative kVAr. He 
measured the kVAr demand of a motor group at no-load and then determined from 
these data and the (total) kVA rating of the motors of the group their relative 
kVAr. 

It is easy to show that the relative kVAr can also he determined analytical¬ 
ly, for which purpose the kVAr demand and the rated power should he expressed 
in terms of the kW demand, viz, 


Q — j/3 U A 1 Sin <p. = P tan <p.; 

L 




where 

rji is the efficiency of a given motor if P a and Q are the powers at its ter¬ 
minals; 

k c is the demand factor of the group of motors; 
ki is the relative load of the given motor. 
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As follows from (1), the relative kVAr can be determined for a value of tan 
<f> and the efficiency corresponding to the given load of the (equivalent) motor. 

In view of the arbitrariness of the assumption of the constancy of the relative 

kVAr # re | may be determined for greater accuracy at loads near the rated values. 
The values of efficiency and power factor at different loads of motors of dif¬ 
ferent ratings and nominal parameters (no-load current, speed etc.) and also 
kVAr of motors are given in reference books [3 and 4]. 

Thus according to the parameters of the motors, the relative kVAr can be 
calculated for the “average* motor of the given group, this being characterized 
by several values of rated efficiency and power factor. 


Once the relative kVAr and the kVAr demand are known, it is easy to deter¬ 
mine the rating of the equivalent motor and its short-circuit current: 

P. 


4 = K st /„ = K st 


n 


V 


3 U l Vn cos 4> n 


where 


^st is the ratio of the starting current to rated current. 

If the system impedance is neglected, the in-feed current from the equiva¬ 
lent motor is approximately equal to the short-circuit current directly at its 
terminals: 


j E 0 all 

z m z m 

where 

E o is the phase e.m.f. of the stator of the motor (V); 

U the phase voltage of the motor (V); 
a the ratio of the e.m.f. to the voltage; 

z m the motor impedance. 

During a fault, not at the terminals of the equivalent motor but at some 

other point of the system, the in-feed current must be determined from the for- 
mula: 

j E 0 aU 

sm ~ = > 

z z 

where z is the resulting impedance of the windings of the equivalent motor and 
of the parts of the system (per phase) to the point of the fault (ohms). 

The formula for the determination of the in-feed current in the special case 
of a radial system takes the following form: 
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sm 7== ■ = ; 

V(r c + r m ) 2 + (* c + * m ) 2 

where* 

r c and are the resistance and reactance of the system respectively; 
r m anc ^ x m ^he resistance and reactance respectively of the motor. 

The resistance of an induction motor can be approximately determined from 
the following formula: 

r m = 0.5 jL (1 _ rj) 

n 

or from the exact formula 


r m z m cos 9^st 
The reactance of the motor is 


X m \Tz * r 2 

m m • 

The relation of the e.m.f. to the voltage can be determined according to an 
investigation by V.S. MogiTnikov ([1], who showed theoretically and experi¬ 
mentally that for an induction motor 

E 0 = 0.93 - 0.95 U. 

For the experimental determination of the fault current one section of the 
distribution busbars of a step-down transformer substation was disconnected 
from the system. The section was supplied through a 1000 kVA, 6/0.4 kV 
transformer, to which one feeder of the workshops and two of the boiler house 
were connected (Fig. 1). The substation 6/0.4 kV was supplied from the main 
35/6 kV substation of the works which was connected to the power system. 

The short-circuit capacity was the 35 kV system 330 MVA, that at the 6 kV 
busbars 85 MVA. 

The main consumers of the system were the induction motors. The normal 

load of the industrial system was 500 - 600 A, that of the boiler house 450 - 
500 A. 

Faults were applied (Fig. 1) at the substation distribution panel (1), at the 

entrance to the workshops (2), at the power cubicle (3) and at the busbar as- 
sembly (4). 

For the subdivision of the total fault current into in-feeds from the system 
and in-feeds from the motors, the currents were recorded by oscillograph at the 
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fault points at the substation and also at intermediate points of the system 
through which the in-feed currents from the motors were passing. 

• ^ f le f r ° nic device was used for the control of the instant of the applica¬ 

tion, 0 , e fault (within the peHod)in order to obtain maximum impulse current 
At the substation and at the point of the fault the short-circuit currents were 
recorded in all three phases. 

For example. Fig. 2 shows the oscillogram and the test connexions of a 
three-phase fault at the point 4. The oscillogram shows that the initial phase 
angle at the moment of making the short-circuit was 10 electrical degrees. (The 
vo tage curve passing through the coordinate origin is not shown in the figure.) 
The recorded load current (/„) at a phase angle of 180“ (before inception of the 

fault) may have been caused by the start at that instant of a motor of a crane or 
a similar drive. 

The short-circuit current has various phase angles according to the fraction 
of motor in-feed currents it contains. At the moment of the first current peak the 
in-feed at the point of the fault was 1160 A, but the maximum value of the in- 
feed current reached 1400 A (after the maximum of the total fault current). 

Beginning from the second stage of the process, the fault current measured 
at the transformer exceeded the current at the fault point owing to the motor 
current (starting and working). 

For the calculation of the fault currents the impedances of the system sec¬ 
tions were determined by direct measurements and the impedances of some parts 
were taken catalogue data. The measurements confirmed the catalogue data for 
the equipment installed in the given system. 

For the determination of the rated power of the motors contributing to the 

in-feed currents the efficiency of the “average” motor was assumed as 0.9, the 

rated power factor 0.84, and the relative reactive power (at 75 per cent load) 

0.6 kVAr/kW. 

The calculations of the power rating of the motors sending in-feed current 
to the fault were checked wherever possible by visual inspection. The differ¬ 
ence between the observed and calculated values for the different fault points 
was 3-11 per cent. (Table 2). 

The ratio of starting current to rated current of the equivalent motor was as¬ 
sumed to be 6, the e.m.f. of the motor 205 V. To determine the motor in-feed at 
every fault current an equivalent circuit diagram of the system sections and the 
equivalent motors was drawn up from which the resultant impedances were de¬ 
termined. The total current at the point of the fault was determined by the arith¬ 
metic superposition of the current in-feeds from the system and the in-feeds from 
the motors * 


* Owing to the fact that in the test circuit the short-circuit making device constituted 

(continued) 
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The results of the calculation of the impedance of the system sections to 
the short-circuit points are given in Table 1. The determination of the equiva¬ 
lent ratings of the motors is detailed in Table 2; and the short-circuit currents 
are given in Table 3. 

ihe difference between the experimental and the calculated values of the 
fault currents is about 10 — 15 per cent. This comprises the errors in measure¬ 
ments, estimated at about 6 — 10 per cent, the increase in the impedance of 
the experimental system at the time of the fault by the formation of the arc in 
the fault-making device and by the approximative character of the mathematical 
description of the short-circuit processes. But, as can he seen, the difference 
is within the limits of experimental and calculating errors. In individual cases 
Table 3 gives a short explanation of the causes of the discrepancy. 

Conclusions 

Experiment and calculation confirm that, when the system impedances 
during fault conditions and the rating of the motors sending current to the fault, 
are correctly estimated, the results of short-circuit current calculations are 
entirely satisfactory in cases in which the fault takes place near the supply 
point of the low-voltage system. For medium and long distances to the fault 
point the calculated values of the in-feed currents from the motors may be too 
small because the in-feed of some motors on the supply side of the fault point 
is neglected. 

The in-feed currents attenuate rapidly and need be taken into account 
only for the first peak of the short-circuit current at the fault. For medium and 
long distances the motors located between fault and supply point rapidly 
cease to end current to the fault and soon will require to be supplied with cur¬ 
rent again; During faults at points 3 and 4 the value of the current therefore 
measured at the transformer (at the input end of the circuit) became larger than 
at the first fault current peak. 

The in-feed currents from the induction motors have a considerable magni¬ 
tude especially at medium and long distances from the fault in the system 
shown in Fig. 1 the first fault current peak exceeded the corresponding current 
of the supply transformer by 22 — 80 per cent. 

The resistances and reactances of the low-voltage system have a consi¬ 
derable effect on the magnitude of the fault currents. In the system shown in 


* (Continued) 

a common impedance for currents from both sources, strictly speaking the calculat¬ 
ions should have been made with different distances of the sources (consideration 
of self and mutual impedances). However, such a calculation is very complicated 
and would have rendered, according to a check, the result only about 3 — 5 per 

cent more accurate than the calculation made individually from each in-feed 
source. 
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Fig* 1 the current at the far end of the system was 10 times smaller than that 
at the busbars. 

It is possible to calculate the in-feed currents from a given group of mot¬ 
ors fairly exactly by using a value of the rating of the motors sending current to 
the fault determined from the load before the fault and from the value of the * 
relative kVAr determined analytically. 

Appendix 

The kVAr Demand. The assumption of constant kVAr demanded from the system at 
different loads of induction motors is based on the following considerations 

The total kVAr demand by a motor comprises the kVAr for magnetization 
Q ? and the kVAr for the leakage reactance Q D . The magnetization kVAr are 
virtually independent of the motor load and are determined by the equation: 

Q 0 = V* u i 4 , 

where 

Ul is the line voltage of the system (V); 

‘o no-load current (A). 

The total kVAr demand from the system in particular at the rated load can 
be determined from the expression: 


Q n = Ui l n sin <j> n , 

where 

is the rated stator current (A). 

It is easy to show that the magnetizing kVAr are equal to the total kVAr 
m the special case that the stator current is equal to no-load current and the 
p ase displacement between the current and the voltage is 90°. 

nf Ik™ 6 Specific . valu ' 3 °V he ma S ne tizing kVAr, independent of the loading 
of the motor, is given by the ratio: ® 


0 _ V~3 Vlh 


l 


Q n \[~Z U l l n si n / n S i n ^ ’ 

If the no-load current is expressed by the rated stator current [5] 


4 - 4 (sin _ — 8 ^ 

n n 
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then the ratio 




where 

1® the ratio of the maximum torcjue to the rated torcjue of the motor. 

Substituting likely values of cot <p n and b n it is easy to determine the 
limits of the ratio 


< 2 „ 



In [4] it is shown that for induction motors the relative value of no-load 
kVAr become, owing to the fact that the motors are not fully loaded, practical¬ 
ly as follows: For a rated p.f. of 0.91 - 0.93 approximately 85 per cent and for 
rated p.f. of 0.77 — 0.79 approximately 90 per cent. 
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WIND PRESSURE ON OVERHEAD TRANSMISSION LINE 


CONDUCTORS* 

V.V. BURGSDORF 
(Received 9 January 1957) 

The correct assessment of wind pressure on conductors is of great importance 
in the design of transmission lines. This applies particularly to double-circuit 
lines and lines equipped with release clamps and safety (swivelling or collap¬ 
sible) cross-arms, since in these cases there is an upper limit imposed for the 
maximum permissible wind loading. In designing large installations, it is neces* 
sary to know accurately the aerodynamic characteristics of conductors and the 
distribution of wind pressure. 

As is well known, strong winds are always of turbulent nature and consist 1 
of fast-and slow-moving air masses. In other words, the wind velocity is never 
uniform along the front of a gust. The total load on a long object is therefore 
determined not by the maximum, but by some mean value, of the wind velocity. 
For spans longer than 200 rn this lack of uniformity may be of considerable 
importance. 

The first experimental investigations to ascertain the extent of the non¬ 
uniformity in the distribution of the wind velocities affecting the total load on 
conductors date back over 25 years [l] and [2]. These tests showed that for 
wind speeds up to 20 m/sec. this non-uniformity can be neglected for spans 
up to 100 m. long, but that it becomes sufficiently noticeable on spans about 
200 m. long. 

Later investigations carried out in Sweden in 1939 revealed a possibility 
of reducing the design value of wind load because of the finding that the wind 
pressure becomes less uniform with velocity [3]. Similar experiments were also 
carried out in other countries: France in 1951 [4] and [5], Australia in 1949 
[6]; Belgium in 1952 [7]. Recently investigations were made in West Germany 
[8] and in the U.S.S.R. where eight experimental stations were erected with 
span lengths from 220 to 350 m. 

The reduction co-efficient considering the non-uniform distribution of the 
pressure along the span was introduced in the Soviet Regulations for Trans- 


* Elektrichestvo No. 5, 47-52, 1957 [Reprint Order No. EL 23]. 
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mission Lines in 1947 [9]. These regulations recommend the following formula 


P 


aC. 


v 2 
16 



wher^ P is wind pressure in kg/m 2 of projected area; 
a is the reduction co-efficient; 

C x is the head resistance of conductor; 
v is the wind speed in m/sec. 


In the above formula the wind speed is taken usually as the maximum 
velocity registered by a meteorological station, for a period of 5 to 1-0 years. 

The head resistance of the conductor which can be referred to conductor diameter 
and wind speed, is normally taken as 1.2 [10]. The coefficient a is 0.85. 

The coefficient a depends not only on the conditions existing in a given 
locality, but also on the method of measurement of the wind velocity. 

It should be pointed out that the anemometers used in the U.S.S.R. were 
of the pressure-plate type whereas those used abroad were generally of the 
pressure — tube type (i.e. working on the Pitot-tube principle). The latter ane¬ 
mometers can register the velocity of a wind gust lasting 10 to 15 sec. whereas 
the pressure-plate instrument, according to the instruction book, should register 
a mean position of the plate for 2 min. It is obvious that the maximum velocities 
as recorded by low-inertia anemometers should be higher than those recorded 
with the pressure-plate anemometers. This, in fact, explains the various state¬ 
ments on low wind speed prevailing in the U.S.S.R. 

The wind load on conductors is usually computed from the measurement of 
the angle of swing of the insulator string or the coupling link from which the 
conductor is suspended. This gives directly the horizontal force on the tower 
and the reduction of the clearance to the tower. To determine the maximum wind 
loading for a given period of time, continously recording instruments were used 
in Sweden, Germany, and U.S.S.R. and maximum-swing indicators were used in 
France and Belgium. The deflection angles thus obtained were checked against 
records of the maximum wind velocities measured in the immediate vicinity of 
the experimental span or at a near-by meteorological station. 

A visual method of measuring the angle of deflection of the conductor at 
midspan was used in Australia. Readings were taken “only when the conductor 
was fairly steady” obviously because such a method is not particularly suitable 
for measuring maximum deflections. Moreover, the readings were checked against 
wind velocities measured by a cup-type anemometer and consequently, in this 
investigation, one can speak only of some average conductor deviation and wind 
speed. A simultaneous underestimation of conductor deflection and wind speed 
leads to the cancellation of the error. Thus, such results cannot be accepted as 
being characteristic of maximum wind loadings and will not be utilized in the 
following considerations. 

In the U.S.S.R. the wind velocity was invariably recorded by means of 
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FIG. 1. Relationship between the coefficient a and wind velocity 
a — measurements in Sweden (inland regions ): d — 25 to 27.7 mm, l = 155 to 
300 m ; measurements in Belgium : d — 9.5 mm, l ~ 120 and 190 m; 
b — measurements in Sweden: d — 15.8 mm, l = 200 m; measurements in 
U.S.S.R. (coastal area): d — 19.1 mm, l = 250 m. 

pressure plate anemoters, except in one case in which a pres sure-tube instru¬ 
ment was-used. 

The results of various investigations are presented in different ways. For 
example, Swedish publications give the measured wind pressure on conductors 
as a fraction of the wind pressure on a large plane ( C x - 2), i.e. the measured 
pressure is characterized by a quantity which is less than the coefficient a; in 
French investigations the results are expressed in terms of the ratio of the mea¬ 
sured to calculated angle of conductor deflection (the calculations being per¬ 
formed in accordance with the method accepted in France). In order to compare 
the results from various countries the data were recalculated on a common 
basis. The quantities calculated were the coefficient a from (1) and the effective 
load per square metre of the projected area normal to the direction of wind** 

For each particular case the head resistance was taken as depending on the 
type of conductor and wind speed in accordance with the results of tests in 
wind tunnels carried out in the U.S.S.R. [10]. In this way it was possible to 
arrive at more accurate values of the coefficient a. 

The results of this re-calculation are shown in dotted lines on the accom¬ 
panying figures. Figs. 1,2 and 3 show the values of the coefficient a for the 
various countries, and Fig. 4 the envelopes drawn through the points of maxi¬ 
mum value. Two points differing from the others are shown in Fig. 4 separately. 


* It is regretted that the results of German investigations could not be recalculated 
because of the insufficiency of published data. 
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FIG. 2. Relation between the coefficient a and wind speed according to the 

results obtained in France. 


When analysing results of measurements, apart from the non-uniform distri¬ 
bution of the wind speed along the span, one should also consider the case when 
the wind speed at the span is higher than that at the point of location of the ane¬ 
mometer. In this case the coefficient a becomes greater than unity. It is charac¬ 
teristic that for high wind speeds (20 m/sec and more) no such case has been 
observed in practice. 

The manner in which the experimental points are distributed allows us to 
establish beyond any doubt the fact that the wind pressure becomes less uniform 
along the span as the wind becomes stronger. Also, the influence of the differ¬ 
ent physical and geographical factors pertaining to different geographical areas 
is clearly brought out. Moreover, this is true not only for coastal and inland 
regions within one country such as, for example, Sweden. The first measure¬ 
ments carried out in the Leningrad area with low-inertia instruments yielded 
values * for the coefficient a greater than those obtained for a coastal region 
in Sweden. Even greater values of the coefficient were obtained in Belgium 
and yet greater values in France. 

In France values between 0.5 and 0.55 were obtained for the coefficient a 

for wind velocities up to 38 m/sec. It is regrettable that no information is avail¬ 
able on the experimental span lengths but it can be taken that in France the span 
length for conductors of 300 mm 2 or more* cross-sectional area, is, as a rule, 
more than 400 m and only rarely 350 m. 

* Here and later on the values of the coefficient a are taken for the same, and not for 
the maximum wind speeds, recorded in the given localities. 

f It can be shown that for a wind speed of 34.5 m/sec, a= 0.52 (Fig. 2) was recorded 
on a span 462 m long. 
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The coefficients a obtained from measure¬ 
ments in the U.S.S.R. by using pressure- 
plate anemometers with loaded plate (Fig.3) 
correspond mainly to wind speeds of up to 
20 — 25 m/sec. However, there is enough 
experimental data to establish the fact that 
the coefficients obtained in this way are 
greater than those resulting from measure¬ 
ments with low-inertia instruments. One fact 
stands out# viz. the large number of points 
whose values are considerably greater than 
unity for wind speeds up to 18 m/sec and 
also the number of points having values of 
the order of 0.8 for wind speeds of about 25 
m/sec for long spans. 

A comparison of the curves shown in Fig. 
4 indicates that the coefficient a depends 
on the degree to which a given district is 
exposed to high winds. In this respect the 
comparison of the Swedish data for coastal 
and inland regions and of the Belgian and 
French data are characteristic. From Fig. 4 
it is seen that the curves of the reduction 
coefficient obtained for different regions are 
shifted with respect to each other, and the 



FIG. 3. Relation between coefficient a 
and wind speed according to results 
obtained in the U.S.S.R. 


coefficients a for districts subjected to stronger winds are higher than those for 
districts with less intense winds for a given wind speed. Therefore, if a coeffi¬ 
cient a is obtained for a region with strong winds, it cannot be extended to maxi¬ 
mum wind speeds of regions with moderate winds. For example, the value of a at 
25 m/sec for the region with the design wind speed of 30 or 35 m/sec cannot be 



applied to a line erected in 
a region where the design 
wind speeds is 25 m/sec, 
since in this latter case 
the value of a is smaller. 

To facilitate further ana¬ 
lysis, mean values of wind 
pressure on a conductor for 
one span recorded at vari- 


FIG. 4. Relation between greatest values of coefficient a ous . w *nd speeds are plot- 
and wind speed as measured in different countries: i* 1 Figs. 5 — 7.The dis- 

1 — in Sweden (inland regions); tribution of these points is 

2 — in Sweden (coastal regions); typical. The curves shown 

3 — in Belgium; in these figures are drawn 

4 - in U.S.S.R; 5 - in France. from (1) for C =1.2 and 
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6 10 14 18 22 26 30 m/sec 


FIG. 5. Relation between wind pressure on conductor 
projection area normal to wind direction and 
wind speed according to measurements in Sweden 

and Belgium. 



FIG. 6. Relation between wind pressure on conductor 
projection area normal to wind direction and 
wind speed according to measurements in France. 


a = 0.85 in accordance with the recommendations given in the Regulations for 
the Erection of Electrical Installations [9]. 

The practical conductor loading in Sweden (especially in inland regions) is 
noticeably lower than it is in Belgium and this, in turn, is lower than in France. 
For wind speeds up to 15 m/sec the experimental points lie not infrequently 
above the design curve and for velocities of 15 to 20 m/sec they are, in general. 
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the same as the higher values observed, in Belgium and France. At still higher 
wind velocities the measured wind load is smaller than the calculated one which 
is obviously due to the lowering of the coefficient a. 

Of a similar character is the distribution of experimental points obtained 
from short-period tests in the U.S.S.R., though the (quantitative relations are here 
different*: wind pressures greater than those given by (1) occur often at speeds 

of up to 18 or 19 m/sec, and at 25 m/sec they are almost as high as the highest 
values recorded. 

The material presented demonstrates convincingly the importance of the cor¬ 
rection factor for wind pressure at high wind speeds. This coefficient should be 

different for speeds measured with the low-inertia and the pressure-plate ane¬ 
mometers. 

The West European investigators working with low-inertia anemometers sug¬ 
gest a value of 0.5 for the reduction coefficient; they are also referring to a con¬ 
siderable local wind speed of 35 m/sec. The investigators in Sweden, where the 
wind speed has also been measured with low-inertia anemometers, recommend 
the coefficient a - 0.4 on the basis of a wind speed of 28 m/sec. Such a lowering 
of the coefficient appears to be justifiable on the ground that undoubtedly the 
winds in Sweden are not so strong as those in Belgium and France. 

The value of the coefficient a should be greater if this is worked out from 
the data on wind velocities obtained with the method which is accepted in the 
U.S.S.R. The relation between the coefficient obtained with the two types of 
anemometer is given by 

( — Y, 

V. 

where v u is the speed measured with the low-inertia, and v pp with the pressure- 
plate anemometers. At the present time work is being done to determine this 
ratio, but it can be said even now that no great reduction can be expected in the 

present value (0.85) of the coefficient a. Indeed, taking the West European coe- 
fficient a = 0.5, the ratio 


which may be regarded as a sufficiently realistic figure for the ratio of short 
duration (10 to 20 sec) to one minute maximum wind velocity. 

The above statement is verified by the damages to transmission lines occur 


v li 


V 


pp 


f0 .85 
0.5 


1.3 


‘ ™ s is obviously connected with the different method of measurements (pressure 
plate anemometers) used in the U.S.S.R. 
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ring at strong winds when the effective wind pressure on conductors is nearly 

60 kg/m 2 and the wind speed (measured by pressure-plate anemometer) 32 to 
35 m/sec. 

^ more substantial reduction of the coefficient a can be expected for regions 
where the design wind speed is 35 m/sec or more., and also where the repetition 
rate of the assumed design speed comes near the highest-observed. 

To give a fuller picture of practices in various countries the tables 1 and 2 
of design wind loadings on conductors and metal supports were compiled.* 

It is seen from Table 1 that the conductor loading used in the I7.S.S.R. is 
about the same, or even sometimes lower, than in other countries.* The lowest 
wind loading is applied in Finland where, as in the Leningrad district and 

Karelian A.S.S.R., the wind speeds are not very high due to favourable geogra¬ 
phical conditions. 

Recent research on the effects of non-uniform wind pressures is now being 
accepted as a basis for the reduction of the design wind loadings in Belgium 
and France, where until recently these loadings have been excessively high. 

The design wind loadings on supports are invariably higher abroad than in 
the U.S.S.R., sometimes by as much as 50 or even 100 per cent. 

It appears from the foregoing that the design values used in the U.S.S.R. 
for wind loading are in every respect more modern than in most other countries 
where only recently the regulations were slightly eased-up, which brings the 
foreign design values nearer to the Soviet values. It should be made clear, how¬ 
ever, that this does not preclude the possibility of a future reduction in the 
design wind loading for transmission lines. 

This further reduction should be well substantiated by more extensive in¬ 
vestigations to determine realistic loadings for various regions and to obtain 
more accurate aerodynamic characteristics of conductors and supports and the 
possible values of the coefficient a. 

From experiments which have been carried out up to now it is possible to 
reduce the design head resistance to 1.1 for the values of the product vd > 

400 m/sec. ram. It is also possible to take the coefficient a = 0.75 if the 
supports are checked for the highest wind loads **. This relaxation of the design 
conditions can be extended also to localities with the design wind velocity of 


* In the U.S.S.R. the loads are taken for the average wind speed of 25 m/sec. 

* The accepted thickness of ice for Sweden varies between 1.3 and 3.2 cm. Therefore the 
resulting wind load on tower becomes considerably greater than in the U.S.S.R. 

* * The speeds considered are the maximum values for a given region, occurring once in 

5 years, and not the design speeds. 
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FIG. 7. Relation between wind pressure on conductor pro¬ 
jection area normal to wind direction and wind speed ac¬ 
cording to measurements in the U.S.S.R. 

35 to 40 m/sec, except for the regions adjacent to large water areas. The ques¬ 
tion of specifying more precise value for the coefficient a will be decided from 
the results of experiments now being carried out in the U.S.S.R. 

It is also necessary to consider more closely the actual conditions under 
which a line is expected to operate. In particular the present practice of ex¬ 
tending the design wind speed of'25 m/sec. to regions with light wind should be 
abandoned. In all cases the design wind speeds should be chosen in accordance 
with observations. For lines passing through woodlands the design speed should 
be taken at least 5 m/sec. less than the speed for the main region. 
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THE PROTECTION OF A REGULATING AUTOTRANSFORMER* 


A.N. KOZHIN 

(Received 23 March 1956) 


The voltage regulation on load in the h.v. systems of the USSR is increasingly 
carried out by transformers with booster groups. The use of autotransformers 
with regulating gear for this purpose is spreading. 

Fig-1 is the diagram of a power transformer with a booster group. The latter 

consists of a regulating autotransformer (or transformer) and a transformer in 
series with it. 



The present communication considers the 
protection of a regulating autotransformer (or 
transformer) against phase-phase faults and 
short-circuits between the lead-outs of its 
secondary winding. Our considerations will 
deal more specifically with the protection of 
autotransformers. However, they can be ex¬ 
tended to include the case of a regulating 
transformer, and also other circuits comprising 
a power transformer or autotransformer with a 
booster group. 


FIG.l. Schematical representation 
of a transformer with on-load volt¬ 
age-regulating gear. 

1-Main Transformer; 2-Series 
Transformer; 3-Regulating Auto- 
transformer. 


For a regulating autotransformer high-speed 
protection is desirable. Yet the use of the 
simplest types of high-speed protection entails 
certain difficulties. 


The difficulty in using a tripping coil 
(“current cutout*) consists in the fact that 
the currents set up at faults inside the autotransformer and at external faults may 
be of the same order. This makes it impossible to design a protection system of 

satisfactory sensitivity and operate from the short-circuit currents at external 
faults. 


The difficulty in using a differential protection resides in the fact that the 
* Elektrichestvo No. 5, 52-56, 1957 [Reprint Order No.EL24]. 
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transformation ratio of the autotransformer varies between wide limits. The operat- 
ing current of the protection, selected with allowance for the unbalance current set 
up by a variation of the transformation ratio of the autotransformer, may become so 
high that it may be impossible to assure the required sensitivity to short-circuits 
in the protected zone. 

An inclusion of the autotransformer in the zone protected by the differential 
protection of the main transformer requires the sensitivity of this protection to be 
reduced. Also, the fault current in the autotransformer will, as a rule, be neglig¬ 
ible in compafison with the operating current of the relay and the protection will 
then not operate in the case of such a fault. 

A.A. Gevorkov suggested, in 1935, for the protection of autotransformers 
a special type of overcurrent relay connected to current transformers inserted into 
the primary circuit of the regulating autotransformer. At external short-circuits the 
protection is locked out by current relays connected into the circuit of the main 
transformer [1]. However, this protection system suffers from substantial disad¬ 
vantages which will be considered below. For some types of autotransformers it 
is altogether unsuitable. 

To protect a regulating autotransformer against phase-phase short-circuits and 
short-circuits between the lead-outs of an individual phase of its secondary wind¬ 
ing the author of the present paper developed a new overcurrent protection with 
restraining characteristic (Fig.2). The current relays of this protection are connec- 



FIG. 2 . Protection of regulating auto¬ 
transformer. 1-Main Transformer; 2- 
Series Transformer; 3-Regulating 
Autotransformer; 4-Interposing Satur¬ 
able Transformers. 
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ted into the primary circuit of the regulating autotransformer. 

To obtain magnetic restraint, the interposing transformer has in addition to its 
operating and secondary windings a restraining winding (Fig.3) connected to the 
current transformers inserted into the circuit of the winding of that side of the main 
transformer on which voltage regulation is carried out. 

When no current flows through the restraining 
windings the interposing transformer operates 
as an ordinary saturable transformer. The mag¬ 
netic flux produced by the restraining windings 
when current passes through them is closed 
through the outer limbs, it does not enter the 
middle limb nor does it set up an e.m.f. in the 
secondary winding, but it saturates the magnet¬ 
ic circuit and deteriorates the conditions of 
transformation of the operating current. The 
higher the restraining current, the greater must 
be the current in the operating winding in order 
to obtain in the secondary winding a current 
equal to the operating current of the relay. 

To show the advantages of the new system 
over the protection with a lock-out, we will 
consider the sequence of the selection of the parameters of both systems. 

The operating current of the lock-out relay in the protection working with lock¬ 
out must be greater than the maximum operating current and the maximum short- 
circuit current in the zone protected by the relay. The latter is assumed equal to 
the maximum current at the point of erection of the locking relays for short-circuits 
on the secondary lead-outs of the autotransformer. 

There are therefore two conditions for the selection of the operating current 
of the blocking relays, viz. 

^ op.bl.r ? Krh.op.maxi 
2 ) Iop.bl.r~ K r I s jf l max , 

where K r is the coefficient of reliability, h.op.max the maximum operating cur¬ 
rent in the winding of that side of the power transformer where the voltage is 
regulated, l s h.max the maximum current in the same winding of the power trans¬ 
former at an internal short-circuit in the regulating autotransformer. 

As a rule, the second condition is the decisive one. For this reason the 
operating current of the blocking relays becomes greater than the rated current of 
the autotransformer 

^op.bl.r? h.rat. 



FIG.3. Interposing Saturable 
Transformer. w r ' and w? 
restraining windings; uj sec 
secondary winding; w Q p 
operating winding; - flux 
set up by restraining wind¬ 
ings; <& 0 p - flux set up by op¬ 
erating winding. 


(i) 
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The protection of a regulating autotransformer 


At through short-circuits and under normal conditions the primary current of 
the regulating autotransformer is 

4 = Kit (2) 

where K is a proportionality factor and / f the current in the winding of the pcyver 
transformer on the side at which the regulation is carried out. 

The proportionality factor K may be determined with satisfactory accuracy as 
the product of the transformation ratios of the regulating autotransformer and series 
transformer, respectively, viz., 

K = k r k s (3) 

The theoretical value of this factor K will be greater than its actual value. 

Fig.4 represents the relationship I r = /(/;) and the characteristic of the protec¬ 
tion according to Fig.2. 



FIG.4. Relationship between Current in primary Wind¬ 
ing of Autotransformer and Current in Winding of Main 

Transformer. 

I — ideal Characteristic of Protection; 2 — 7 r = KI t 
3 - VKI) = /(4); 4 -/op.rdD = /(/«); 5~/ r .sA. =/(/«)’ 

For a selective action of the protection at external short-circuits the following 

relation must hold between the operating currents of the blocking and protective 
relays 

^ op.pr.r . = &r Iop.pr.r . (4) 


where K' is the coefficient of reliability (Kf > 1). Consequently, 

‘op.pr.r. > bat.r. 


(5) 


Practical calculations showed that „„ „ v> fl ^ „_. .. 

f i ... op.pr.r. ** U.o— hat.r. 1,e - the protection 

is of low sensitivity. 


A. protection with locking-out device may fail to operate at short- 


circuits in 
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the autotransformer where the current in the blocking relay exceeds the maximum of 
the theoretical short-circuit current. Also, it does not operate at phase-phase 
short-circuits on the lead-outs of the primary winding of the autotransformer because 
in this case the short-circuit current on the side where the blocking relays are 
placecf is greater than the operating current of the latter. It may be equal to the 
current set up in the case of short-circuits on the low-voltage side. 

Failure to respond of the protection in the cases mentioned will require the 
installation of a stand-by protection or the inclusion of the autotransformer into the 
zone protected by the differential protection of the main transformer. The latter 
method meets with certain design difficulties in some cases. 

When the autotransformer (without its tap-changing gear) is included in the 
zone protected by the differential protection of the main transformer, the operating 
current of the blocking relays may be reduced by matching to the operating current 
of the differential relays; this increases the sensitivity of the protection to short- 
circuits in the autotransformer. 

The ideal characteristic of a current protection with restraint may be represen¬ 
ted by a straight line, whereas its actual characteristic is curved (Fig.4). Also, 
according to the angle a between the vectors of the currents in the operating and 
restraining coils of the relay, the restraining characteristic may be above or below 
the characteristic for a-0°, i.e. at the same value of I t the operating current may 
have different values. 


To calculate the selectivity of the protection the characteristic l 0 p.r{ I) = 
/(/g) corresponding to the angle at the minimum restraint is selected. 


To prevent non-selective operation of the protection when its secondary cir¬ 


cuits are interrupted, the operating current of the relay without restraint 
is assumed greater than the operating current of the autotransformer. 


O.op.r. 


The quotient of the ordinate ac (Fig.4) of the characteristic of the relay 
4?p.r(l) = /(4) adopted for calculating the selectivity by the ordinate ah of the 
straight line I r = KI^ for the same current /g determines the margin of selectivity or 
the coefficient of reliability K r . 

The minimum value of this coefficient should not be less than 1.2. 

In the case of short-circuits in the autotransformer the curve relating the 
current of the autotransformer l r , $ h. with the current in that winding of the main 
transformer on whose side the regulation takes place is higher up than the curve 
/ r = Kl t . On a three-phase short-circuit on theconnections between regulating and 
series transformers fed only from the h.v. side, the above relation takes the 
following form 

h.sh. ~ kth (6) 


where k t is the transformation ratio of the main transformer. 
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The protection of a regulating autotransformer 


As a role, the coefficient k% is considerably greater than the coefficient K. 
Consequently, for the same value current l t is greater than current I r . 

To calculate the sensitivity we assume the characteristic for an angle bet¬ 
ween the vectors of the operating and restraining currents corresponding to maxi¬ 
mum restraint. The minimum coefficient of sensitivity is determined by the 

quotient of the ordinate mn of the curve = /(/;) corresponding to the current 

Ir.sh. calculated under consideration of the fault resistances, by the ordinate mk 

of the curve / 0 p.r(If) = ftft) ^ or a restraining current also calculated under con¬ 
sideration of the fault resistances. 

The consideration of the fault resistances in the calculation of the fault 
currents may be carried out by reducing the currents of a dead short-circuit by fac¬ 
tors of 1.5-2. The coefficient of sensitivity of the protection at the minimum 
fault current must not be below 1.2—1.3. 

Tbe minimum coefficient of restraint of the protection R res i is determined as 

the tangent of the angle of slope of the tangent to the characteristic of restraint 

^op.r (I) = /(/*)» dram* from the origin of the coordinates. It is found from the 
following expression 

&rest = K r 1 op/Irest = &r Kn t/ K cc n t.r (7) 

where K r ~ is the coefficient of reliability, / op .-the current in the operating 
winding-of the interposing transformer, l rest - the current in the restraining coil of 
the interposing transformer, K -the theoretical value of the coefficient of proportion 
ality between the currents / op . and / resi , the transformation ratio of the current 
transformers in tbe circuit of the main transformer, —the transformation ratio 
of the current transformers in the circuit of the primary winding of the regulating 
autotransformer, R cc — the coefficient of the circuit connections of the current 
transformers in the circuit of the main transformer. 

By contrast to a protection with blocking relay the protection with a relay with 

restraint is intrinsically a high-speed protection, i.e. its reliable operation in the 

case of external short-circuits can be assured without introducing an additional 
time-lag. 

Saturable interposing current transformers are also used for offsetting against 

magnetizing current rushes occurring when the transformer is connected under no- 
load conditions. 

Fig.Sa shows a single-line diagram of a variant of an autotransformer whose 

stationary lead-out is fixed at the mid-point of the winding. In this case the short- 

circuit currents are limited by the resistance of the winding at any position of the 
moving lead-out. 

Fig.Sb shows another variant of the autotransformer; the stationary lead-out 
of this is fixed at one end of the winding. When the moving lead-out is at the 
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opposite end of the winding, the 
short-circuit currents are not 
limited by the resistance of the 
autotransformer and are of the 
same magnitude as on external 
short-circuits on the side to which 
the regulating element is connec¬ 
ted. To such an autotransformer 
a proteetion with blocking relays 
cannot be applied s^nce at the 
maximum regulation the values of 
the currents at the location of the 
blocking relays are of the same 
order in the cases of external short-circuits and of short-circuits at the lead-outs 
of the secondary winding of the autotransformer. Also, the protection with lock¬ 
out may fail to respond at overload currents of the main transformer exceeding the 
operating current of the blocking relays. 

A protection with restraining characteristic has none of the disadvantages 
mentioned; also, it may be made more sensitive and has a larger protected zone. 

Fig.6 shows a comparison of the characteristics of the protection systems. 

To simplify the analysis, the 
effect on the characteristic of the 
protection of the angle between 
operating and restraining currents 
is not considered. In the shaded 
areas A and B the protection with 
lockout does not operate, but the 
protection with restraint does. 

Area A corresponds to faults with 
small, area B to faults with large 
short-circuit currents. 

The zone protected by the pro¬ 
tection with restraint includes the 
regulating autotransformer, the 
connexions between autotransformer 
and series transformer, and parts 
of the series transformer. As cur¬ 
rent relay a relay of type ET-520 
may be used. 

It should be noted that the pro¬ 
tection may be designed not only 



FIG.6. Comparison of Characteristics of Pro¬ 
tection Systems for a Regulating Autotrans- 

former. 

1-Ideal Characteristic; 2-/ r = Ki t ; 3 - charac¬ 
teristic of protection with restraint; 4-charac¬ 
teristic of protection with lockout. I 0 p t0 p r — 
operating current of operating relay; 1 bl r — 
operating current of blocking relay; I rat T — 
rated current of regulating autotransformer; 

^ rat.t. — rated current of main transformer. 



a b 


FIG.5. Variants of the Location of the 
stationary Lead-out of Autotransformers, 
a-stationary lead-out fixed at midpoint of 
winding; b-stationary lead-out fixed at 
ends of winding. 
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for the type of relays with restraint described above, but also with relays with 
independent restraining coils. 

The difficulty of using commercially available relays with restraint consists 
in the fact.that for the protection of a regulating autotransformer a relay wifrh a 
high restraining factor is required. Orientating calculations show that the mini¬ 
mum restraining factor should be of the order of 1.5 — 2, whereas the commercial 
relays have only restraining factors of the order of 0.2 — 1. 

Conclusions 

The protection of a regulating autotransformer or transformer, using relays 
with a restraining characteristic has a number of advantages over a protection 
using blocking current relays. The protection with restraint is sufficiently sensi¬ 
tive for faults in a regulating autotransformer or transformer. For some types of 
regulating autotransformer only a protection with restraint may be used. The use 
of relays with restraining characteristic renders it possible to offset the relays 
against fault currents of external short-circuits and load currents. The protection 
with restraint is intrinsically a high-speed protection. It also requires fewer 
pieces of relay apparatus than the system with blocking relays. 
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CURRENT IN THE CHARGE MATERIALS OF A 

FERROSILICON FURNACE * 

I.T. ZHERDEV 

(Received 24 November 1957) 

The type of iron-alloying furnace most frequently used nowadays is the circular- 
shaft three-phase type of furnace with continuous electrodes arranged in a triangle 
symmetrically to the axis of the furnace (Fig. 1). In normal operation the lower part 
of the electrodes plunges into the charge materials with which the working space of 
the furnace is filled. The power is supplied to the electrodes by a special furnace 
transformer enabling the value of the lower voltage to be altered. For any selected 
voltage of the transformer the load regulation is carried out by a vertical displace¬ 
ment of the electrodes or by altering the resistance of the charge continuously in- 
troduced through the top of the furnace. 

Despite the apparent simplicity of the plant and the considerable successes 
achieved where equipment and operation of alloying furnaces is concerned, there is 
as yet very little in the way of a theory of the processes taking place in these fur¬ 
naces. For this reason the main parameters of new furnace designs are usually 
selected by analogy with furnaces already successfully operating. For the same 
reason, the choice of rational operating conditions and the rapid correction of devia¬ 
tions from the normal course of the process requires highly skilled and experienced 
personnel. 

That knowledge of the processes in alloying furnaces is still insufficient is 
also confirmed by the fact that up to the present there is no generally accepted 
view on the distribution and main paths of the current in the working space of the 

furnace and, consequently, no generally accepted views on the most suitable equiva¬ 
lent circuit for such a furnace. 

That current passes through the charge materials of alloying furnaces was 
pointed out a fairly long time ago by M.S. Maksimenko [l] and Vochke [2]. In a dis¬ 
cussion organised by the All-Union Central Scientific Research Institute in 1954, 
the view that a charge current virtually does not exist was expressed. 

This considerable divergence of opinions on one of the fundamental questions 
associated with the problem of the correct representation of the phenomena in the 

* Elektrichestvo No. 5, 65 - 67, 1957 [ Reprint Order No. EL 25]. 
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Current in the charge materials of a ferrosilicon furnace 


sondes being open; 

/* — the current in the charge between the blades when the external circuit of 
the sondes is closed; 

VI — the current in the external circuit of the sondes when it is closed; 

r 0 — the resistance of the part of the charge through which the current parses 
between the electrode and through the nearest blade; 

7*1 — the resistance of the part of the charge through which the current passes 
from one blade to the other; 

s — area of the blade of the sonde. 


Section A~3 




FIG. 1. Schematic plan and cross-section of a modern 3-phase 

alloying furnace. 


Having calculated the p.d. between the blades of the sondes for open and 
closed external circuit of these sondes, we can express the current l[ by the current 
/", viz : 

U i U2 

( 1 ) 


r 

1 


010 - V 


20 


Having determined the p.d. between the electrode and the blade of the sonde 

























Current in the charge materials of a ferrosilicp^ furnace 



FIG. 2. Diagram of the location of the blades of 
the sondes for determining the current density 
in the charge materials. 


FIG. 3. Equivalent circuit for the cur- 
rent in the charge materials passing 
through the blades of the sondes. 


nearest to it for open and closed external sonde circuit, we calculate the sum of the 
currents ll + 7i, viz: 


, V-V, 

II + /l 1 V - V l0 ‘ 



Substituting the value of current h from (1) into (2), we get 

li 

Il = V -l ) 1 1 U 1 — U 2 

U — f/io U'te — U 20 



Equation 3 enables us to calculate the value of the current in the part of the 
charge between blades of the sondes under normal operating conditions of the fur¬ 
nace. 


The mean current density in the charge materials in the volume enclosed by the 
surfaces of the blades of the sondes will be 



From the current density and the p.d. it is easy to calculate the mean resist¬ 
ance of the charge between the blades of the sondes. The table brings together the 
results of measurements carried out by means of sondes in an actual furnace, and 
also the calculated current densities and resistances of the charge materials. 

The above method of determining the current densities in the charge materials 
cannot claim to yield very accurate measuring results. In addition to the errors in¬ 
troduced by the basic assumptions, additional errors arise in the measurements on 
an actual furnace by incorrect arrangement of the blades of the sondes (deviation of 
the surface of the sonde from the equipotential surface), imperfect contact between 
the charge materials and the blades of the sondes, reduction of the area of the 
blades by th«ir partial melting, etc. 

It is, therefore, difficult to determine the magnitude and the character of the 
experimental error and the measured values of the current density shown in the 
table have, therefore, to be considered as purely orientating. 



78 
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electric circuit of an alloying furnace is due to the absence of direct experi- • 
mental demonstrations in favour of one or the other point of view. 

The difficulties of carrying out experiments on an actual alloying furnace owing 
to the high temperature of the open top are well-known. However, it is possible t*) 
demonstrate the existence of a charge current and approximately to determine the 
current density in the charge materials in different parts of the working space of the 
furnace under conditions of industrial operation of such furnaces. 

We give below a description of the method and the results of the experimental 
determination of current density in the charge of a ferrosilicon furnace. The measure¬ 
ments were carried out on a furnace (Fig. 1) producing 45 per cent ferrosilicon. 

To measure the current densities in the charge we used sondes of a special 
form, produced from steel rods of 18 - 20 mm diameter and about 6 m length. One of 
the ends of each steel rod, about 300 m long, was bent to an angle of 60° and a 

blade of sheet steel about 10mm thick and of an area of 200 - 300 cm 2 was welded 
to it. 

The ends of the steel rods were inter-connected through a current transformer 
by means of clamps and flexible cables. When the cables were connected, the 
current of the external circuit of the sondes could be measured. The blades were 
plunged into the viscous charge materials in the working space of the furnace near 
the electrodes. The equivalent circuit of the blades is shown in Fig. 2. 

To determine the current densities in the charge, the potentials of each blade 
relative to the neutral point of the furnace (its hearth) were measured on the sonde 
circuit which was opened and closed on the current transformer. In addition, the 
phase voltage of the electrode near which sondes were placed, and also the current 
in the external circuit of the sondes when it was closed, were measured. 

All the following calculations to determine the densities of the charge current 
are based on assumptions that the resistances of the parts of the charge along the 
paths of the current passing through the sondes blades retain their value whether 
the external circuit of the sondes is open or closed; moreover, it was assumed that 
all the resistances in the paths of the charge mentioned and in the sonde circuit are 
purely active. In this case the equivalent circuit of the actual circuit of the charge 
current through the blades of the sondes may take the form represented in Fig. 3. 

It is not difficult to calculate the current in the charge flowing in the region of 

the blades of the sondes when the external circuit of these sondes is open. We intro- 
du ce the following symbols : 

U — is the potential of the electrode relative to the neutral point of the furnace; 

Ui o &nd V 2 o are the potentials of the first and second blades of the sondes rela¬ 
tive to the neutral point of the furnace when the external circuit of the 
sondes is open; 

U x and U 2 are the potentials of the same blades relative to the neutral point of 
the furnace when the external circuit of the sondes is closed; 

li — is the current in the charge between the blades, the external circuit of the 
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Area 
of the 
blade 
of the 
sonde* 
(cm 2 ) 

Distance 

between 

sonde 

blades 

(cm) 

Distance 

from 

electrode 

to nearest 

sonde 

blade 

(cm) 

Measured with 
the external 
sonde circuit 
open (V) 

Measured with 
external circuit 
of the sondes 
closed 

Calcu- 

current 

density, 

• 

/ 

(A/cm 2 ) 

Calcu- 

resis- 

tivity 

(ohm. 

cm) 

U 

010 

u 10 

m 

M8I 

■ 


■ 

310 

20 

41 

64 

38 

10 

64 

20 

10 

180 

0.43 

3.3 

310 

20 

28 

72 

49 

32 

72 

48 

36 

90 

<0.87 

1.0 

310 

20 

28 

72 

50 

25 

72 

47 

26 

100 

1.1 

1.2 

200 

10 

37 

58 

27.5 

18.5 

58 

26 

20 

40 

0.52 

1.7 

200 

15 

31 

78 

35 

24 

78 

22 

18 

150 

0.80 

0.9 


Nevertheless, the data in the table make it possible to trace a certain regular¬ 
ity in the variation of the current density in the charge materials. The current den¬ 
sity in the charge decreases with increasing distance from the electrodes; a similar 
relationship should also be observed for the working space of the furnace since the 
area of the current-carrying cross-section of the charge materials increases with in¬ 
creasing distance from the electrodes. 

The method of measurement by means of sondes buried in the charge materials 
we put forward enabled us to determine the order of magnitude of the densities and 
resistivities of the charge of a working ferro-silicon furnace. These experimental re¬ 
sults confirmed the necessity of considering the conductivity current of the charge 
in the study of the electric circuit of a ferrosilicon furnace. 
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1. M.S. Maksimenko; Vliiganic raspredeleniya sil toka na induktionoe soprotivlenie 
pechnoga kontura pechi Mige (Effect of Current Distribution on the Inductive Reactance 
of the Circuit of a Mige furnace) t Metallurg , No. 9 (1938). 

2. I. Yochke; The Electric Smelting Furnace , United and Technical Publishing Houses , 346 
and 361 (1936). 






















LARGE SYNCHRONOUS MOTORS WITH SOLID 
POLES ON THE ROTOR* 

Z.B. NEYMAN 

(Received 4 February 1957) 

For the drive of some high-speed mechanisms, e.g. blowers, pumps etc., large elec- 
trie motors are required for a speed of 1500 rev/min. The use of induction motors 
with squirrel cage rotor is uneconomic because of the reduced p.f. It also must be 
considered that with increasing power of the drive and therefore, of the motor, the 
energy dissipated in the short-circuited rotor winding during starting increases more 
than the heat capacity of the rotor. With large motors it is therefore difficult to keep 
the temperature conditions of the rotor within the permitted limits. A further prob¬ 
lem is how to provide sufficient mechanical strength for the rotor. These factors 
limit the maximum rating of induction motors with squirrel cage rotors to about 2000 

kW. 

Better economic characteristics are obtained by the use of synchronous salient- 
pole motors with a short-circuited winding for starting, located in the pole shoes. 

But long experience with the operation of such motors shows that they often fail be¬ 
cause of damage to the joints and breakage of the rods of the starter winding. The 
fundamental difficulty of a reliable design of the rotor of the synchronous motor with 
starter winding on the poles is the great amount of heat developed during starting 
which leads to excessive heating of the winding, especially with drives having a 
large flywheel moment. 

For driving high speed mechanisms a series of synchronous motors of 1300, 
2000 and 3000 kW has been developed by the a Ural-Elektroapparat® Works with solid 
rotor and solid pole shoes. These motors have no special short-circuit windings 
which makes them very reliable in service. 

The starting of the motor as induction motor is done in the same way as with 
synchronous machines with short-circuited winding on the pole shoes, i.e. by across- 

the-line starting or through a reactor with a reduced voltage of 70 per cent of the 
rated value. 

At the beginning of the starting process the current is distributed over the sur- 
face of the solid pole shoes, since at a frequency of, or about, 50 c/s the depth of 

* Elektrichestvo No. 6, 32 - 35, 1957 [Reprint Order No. EL 26]. 
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Large synchronous motors with solid poles on the rotor 


penetration of the current is small. The current runs parallel to the rotor axis and is 
terminated in a tangential direction at the edges of the pole shoes. The pole shoes 
are interconnected on both sides of the rotor by copper rings so that a part of the 
current circuit may be closed through these rings. With increasing rotor speed the 
frequency of the pole shoe current decreases and the current penetrates more deeply 
into the steel. 


A* 




2,00 

-4,0 

1,75 

-35 

1,50 

-3.0 

125 

<5 

WO 


0,75 

“15 

0,50 

-1,0 

025 

-0,5 

0 

-0 


55 

95 

9 

g 

m 

g 

g 

g 

g 

g 

■ 


ga 

91 

■ 


S 

B 

B 


g 

s 

E 

E 

§j 

g 

9 

H 

g 


g 

■ ■ 

■yaar 

B 


B 


g 




g 

g 

g 

51 


B 

g 

g 

9 


g 

g 

H 

B 

g 

1 

B 

g 

g 


g 

g 

|p p 

nn 

E 

B 

E 


g 

£ 


g 

m 

9 

pi 

g 


g 

g 

g 

g 

5 

g 



g 

B 

g 

g 

g 

g 

11 

g 

B 



B 

g 

g 


g 

g 


Slip 


FIG* 1. Starting characteristics of the motor type 
DSP 116/49-4 (1300 kW, 6000 V, 1500 rev/min) 

1 - rotor closed across discharge resistor, pole 

shoe faces connected through copper rings. 

2 - rotor short-circuited, pole shoe faces con¬ 

nected through copper rings. 

3 - rotor closed across discharge resistor, pole 

shoe faces open (copper rings removed). 

4 - rotor short-circuited, pole shoe faces open 

(copper rings removed). 


Fig. 1 shows the starting 
characteristics of the motor type 
DSP 116/49-4 (1300 kW, 6000 V, 
1500 rev/min). These chacteris- 
tics correspond to starting at full 
voltage with the field winding of 
the motor short-circuited or closed 
across a discharge resistor. In 
order to check the effects of the 
rings connecting the faces of the 
pole shoes the starting character¬ 
istics were taken with and with¬ 
out these rings. 

Fig. 1 shows that the asynchron¬ 
ous torque is considerably higher 
with the rings. The tests also 
showed that under asynchronous 
conditions the motor worked with 
better stability and pulled into 
synchronism more safely. As 
could be expected, the presence 
of the discharge resistor in the 

field circuit has a marked effect 
on the increase of the asynchron¬ 
ous torque. 

The starting characteristics in 
Fig. 2 of a motor connected to a 
fan drive of the type D 3500- 11 


again show the favourable effect of the copper rings connecting the faces of the pole 
shoes. 


The starting characteristics of the motor type DSP 140/74-4 (3000 kW, 6000 V, 
1500 rev/min), also with solid pole shoes on the rotor, are reproduced in Fig. 3. 

It should be noted that there are as yet no practical methods for determining the 
starting chacteristics of motors with solid poles on the rotor with the accuracy re¬ 
quired. The method of calculating the starting process suggested by Kh. R. Bal yan 
[ 1 ] yields somewhat low values of the starting characteristics. 

It is known that with laminated poles the pole face losses are insignificant. But 
with solid poles, especially when the ratio of stator slot width to air gap is larger 
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FIG. 2. Starting characteristics of the motor type 
DSP 116/49-4 connected with an exhauster type 
D 3500-11 (start on across the line with exhauster 
valve closed). 

1- rotor closed across discharge resistor, pole 
shoe faces connected through copper rings, 

2 - rotor closed across discharge resistor, pole 
shoe faces open (copper rings removed). 

ture rise of the pole shoes was about 30 per cent 


arger man unity ana tnerexore 
effect of the surface losses«on the 
total steel losses is insignificant. 
On an average, the pole face 
losses of these motors do not ex¬ 
ceed about 8 per cent of the total 
losses in the machine. 

The temperature rise of the pole 
shoes of the rotor during starting 
was determined by tests on a 
1300 kW motor driving a fan type 
D 3500-11. During the start of the 
motor with resistors in the field 
circuit the temperature rise in the 
pole shoes was 100 - 130°C and 
in the connecting rings 140 - 180°C 
for an initial temperature of 50 - 
60°C. Starting took about 16 sec. 
With direct connection of the field 
winding to the exciter, the tempera- 

higher than the above values. 


These experimental data agree 
satisfactorily with values of the 
pole shoe temperature calculated 
from the duration of the start and 
the magnitude of the relative losses 
in the pole shoes at the instant of 
connecting the motor to the. system. 
(Data of the Central Electrical Re¬ 
search Laboratory given in [2 and 
3l). 

The motors of the DSP series are 
ofthe fully-enclosed type and have 
two-way radial and axial ventila¬ 
tion. The air circulation in the 
machines is maintained by the ro¬ 
tation of the salient poles of the 
rotor and by two fans ofthe propeller 
-blade type mounted on the shaft at 
both ends ofthe rotor. (Fig. 4). The 
intake of the cool air is below the 
machine and so also the outlet of 
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FIG. 3. Starting characteristics of the motor type 
DSP 140/74-4 (3000 kW, 6000 V, 1500 rev/min). 










Large synchronous motors with solid poles on the rotor 


the warm air through ducts of 
of the stator. 

A special feature of the 
rotor design of the 1300 kW 
motor is its cross-shaped 
frame made of strong steel 
plates to which the four pole 
shoes are bolted. The copper 
rings are also bolted to the 
ends of the pole shoes. 

For reasons of mechanical 
strength the rotors of the 

2000 and 3000 kW motors are 
FIG. 4. Rotor of the motor type DSP 140/74-4 of 3000 kW. steel forgings. The rotor 

windings consist of bare 

copper strips. The turn insulation consists of varnished asbestos. 

The stator bodies are of welded construction. The core is made of highly-alloyed 
dynamo sheets. The stator windings have reinforced mechanical clamping to ensure 
reliable service of the machine in transient conditions and during starting. The coil in¬ 
sulation is compounded mica. 

The motors have bracket-type bearings with self-adjusting bushings; the working 
surfaces of the bearings are babbitted. The bearings of the motor have ring lubrication. 
The 3000 kW motors are also designed for forced-oil-lubrication. The bearings are 
provided with reliable oil-seals. 

The excitation of the motors is obtained from directly-coupled exciters of type 
PN. The value of the field current for the motors of 1300 and 3000 kW is 370 and 
490 A respectively. (Exciters type PN - 205 and PN - 400 are used.) 

The motors with solid poles on the rotor have more favourable weight figures 
than synchronous and induction motors for 1500 - 300 rev/min (Fig. 5). Bearing in 
mind the weight of the exciter, which in the range considered amounts to about 5-6 
per cent of the total weight of the motor, we find that the weights of the synchronous 
motors with solid poles are more favourable than those of four-pole induction motors. 
The efficiency of the synchronous motors of the series DSP is also higher than that 
of four-pole induction motors (Fig. 6). 

The experience gained on design and operation of the four-pole synchronous 
machines of the type DSP of the “Ural-Elektroapparat* Works enables us to to state 
that the range of applications of high-speed synchronous machines of the series DSP 
could still be usefully extended. 

Solid-pole synchronous condensers equipped with high-speed field regulation 
must be considered as a very promising application of the new design. Good starting 
characteristics of the motor with solid poles would render it possible to start the con¬ 
densers at a very much reduced voltage and the presence of the large air gap between 
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kg/kW 



FIG. 5. Relative weights of the electric motors 

1 - synchronous motors of the DSP-series, 

1500 rev/min. 

2 - synchronous iff o tors of the CM-series, 

3000 rev/min. 

3 - induction motors 1500 rev/min. 

4 - induction motors of the ATM-series, 

3000 rev/min. 

stator and rotor virtually suppresses the effect 
starting of the motor. 



Power of motor 


FIG. 6. Efficiencies of electric motors 

1 - synchronous motors 1500 rev/min. 

2 - induction motors, 1500 rev/min. 

of the pole shoe face losses at the 


It is also suggested to develop a series of small condensers of the 2000-5000 
kVA range at 1500 rev/min based on the design of the four-pole machines of the DSP 
series. 


The experience gained in recent years with the operation of high-speed synchron¬ 
ous motors with solid poles on the rotor has confirmed the possibility of their wider 
use in place of smaller machines with laminated poles and with squirrel-cage windings 
in the pole shoes. 
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TURBOGENERATOR ROTOR WITH DIRECT COOLING 
OF THE WINDING CONDUCTORS* 

V.V. TITOV and Z.B. KOGAN 
(Received 18 January 1957) 

In the instructions of the Sixth Five-Year Plan for the development of the national 
economy of the U.S.S.R. for 1956 - 1960 by the 20th Congress of the Communist Party 
of the U.S.S.R. suggestions on the design and construction of large generators of 
ratings up to 300 MW were included. 

In the course of the development of new types of large turbogenerators the 
“Elektrosila* Works designed and produced an experimental rotor with direct hyd¬ 
rogen-cooled conductors. This rotor was installed in an actual set of 30 MW rating 
in one of the Leningrad power stations in 1956 and was tested in service on load. 

Design of the Rotor Winding 

In the project the design of the rotor was based on the principle of self-venti¬ 
lation with inlets and outlets for the cooling gas distributed over the whole length 
of the rotor. This leads to the most uniform distribution of the copper temperature 
along the machine. 

The principle of introducing the cooling gas into the rotor directly from the 
air gap of the machine is well known; it is used by the American General Electric 
Co. In the generators of this firm the gas circulates in the longitudinal or the axial 
direction of the rotor through ducts formed by the hollow rotor conductors. The 
length of the sections of these ducts is about 500-600 mm. The gas enters and 
leaves each conductor through a system of openings in the rotor teeth and slot 
wedges. The gas flow in a rotor of this design is shown schematically in Fig.l. 

The “Elektrosila” Works used an original construction and layout of the ducts 
in the rotor conductors. The coils in the slotted part of the rotor consist of con¬ 
ductors of the usual rectangular cross section. On the lateral faces of the coils 
oblique channels 18 mm wide are milled all along the slotted part of the rotor. 

At either side of each coil the channels are inclined at the same angle to the axis 
of the conductors, but slope in different directions. The gas enters a channel 

* Elektrichestvo No. 6, 35-38, 1957 [Reprint Order No. EL 27]. 
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Turbogenerator rotor with direct cooling of the winding conductors 


through an opening in the wedge, flows along and down the coil to the bottom of the 
slot, passes under the bottom turn, up through a channel on the other side of the 
coil, and into the air gap through an outlet opening also in the wedge. Inlet and 
outlet gas zones alternate on each side of the coil. The width of a zone equals the 
spacing between the inlet and outlet openings of the connected ducts. The distri¬ 
bution of the channels is shown in Fig. 2. 

The bottom of the rotor slot is semi-circular in shape and is filled with an in¬ 
sulating packing which i s grooved to allow the gas to flow from one side of the 
coil to the other. The end connectors or parts of the coils outside the rotor body 
are of hollow section. Each conductor consists of two U-shaped bars forming an 
Internal duct in the conductor which is linked to a sloping channel in the slotted 
part of the rotor. The gas, having passed through the duct in the end connector, is 
discharged through the lateral sloping channel into the air gap. Provided a suffici¬ 
ently high velocity of gas flow through the ducts and channels is assured, this 
design will result in a good heat dissipation and in practically uniform copper 
temperature all along the winding. 
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FIG. 1. Schematical diagram of g as flow along rotor 
winding conductors.General Electric Company. 



FIG. 2. Schematical representation of gas flow along 
winding conductors of rotor of “Elektrosila* Works. 


The gas velocity in the ducts and channels is greatly affected by the shape 
and dimensions of the inlet and outlet openings for the cooling gas. On the experi¬ 
mental rotor the openings in the wedge were designed in the simplest manner which 
would still enable smooth inlet and outlet passage between the gap and the slot to 
be obtained (Fig. 3.). In the gas inlet zone the slot .wedge was provided with a lip 
projecting slightly above the surface of the rotor. The channels in the slot wedges 
tnrough which the gas enters the slots are arranged alternately in the leading and 
trailing edge, thus assuring a uniform distribution of the gas on both sides of the 
coil in every slot. Che rotor teeth opposite the inlet openings in the wedges are 
chamfered in a radial direction. In the gas outlet zone the openings in the wedges 
are arranged on a slightly smaller diameter and the wedges do not project above 
the surface; the outlet openings also face annular grooves turned with a uniform 
pitch at the rotor surface. During the tests it was found that the gas velocity in a 
channel was on an average 20-25 per cent of the peripheral speed of the rotor. 
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The manufacture of the experimental rotor made it possible for the new design 
to be thoroughly tested. In contrast to the production processes required for a rotor 
of normal design the production of the coils and their insertion into the slots re-* 
quired the development of many specialized techniques. The U-shaped copper end 
connecfions were wound as coils and cut into four parts. The individual parts and 
the rectangular strips for the slots were fitted in a template and welded together. 
The finished half-turns were checked on the template, where they were formed to 
their final shape. When the inter-turn insulation had been applied, they were insert¬ 
ed into the rotor slots and welded together. 



FIG. 3. Section through teeth and slot wedges a-gas inlet 

zone; b-gas outlet zone 

The slot insulation was made of glass-textolite. The forming and stoving pro¬ 
cess of the coils did not take long, although the insertion and matching of the turns 
was very difficult. The machining of the rotor surface was not very difficult, since 
the gas inlet and outlet openings were not in the teeth, but in the slot wedges. In 
future it is proposed to use pressure cast wedges of a light and strong alloy. This 
will enable suitable shaped openings to be obtained with a satisfactory surface 
finish without further processing. 

Owing to the fact that the rotor end connector is a hollow bar and is deeper 
than in a normal design, the total number of turns per pole is smaller, and the ex¬ 
citing current is correspondingly increased. If the exciting current on load in an 
ordinary turbogenerator rotor of 30 MW rating is 470-490 A, the corresponding cur¬ 
rent in the experimental rotor with direct-cooled conductors is about 1500 A. This 
required the rotor brush gear and slip rings to be correspondingly larger. The width 
of the brush contaqt surface of the slip rings was doubled in comparison with the 
normal design (cuts of worm wheel shape being also made in their middle parts), 
with a view to improving the cooling of the rings. The contact area between the cur¬ 
rent carrying studs and the slip rings, and the slip ring lead in the rotor bore were 
also enlarged. 

The generator in which the experimental rotor was tested was provided with a 
new excitation system. A direct driven synchronous high-frequency generator sup¬ 
plied to a system of semi-conductor rectifiers, the rectified current being supplied 
to the rotor slip rings. The new excitation system is now being subjected to tuning- 
up an d service tests. 
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The new design of rotor is mechanically stiffer than a normal rotor for the same 
turbogenerator. This is due to the reduction in weight of the rotor winding owing to 
the internal cooling of the conductors, and to the reduced over-hang of the end con¬ 
nectors resulting from reduced inter-coil spacing and solid packing of the end 
turns. In the new design it w.as possible to increase slightly the diameter of r the 
rotor shaft under the end connectors and as a result, the deflection of the rotor 
shaft is reduced, thus relieving the stresses in the bearings. 


Assembly and Operation 


In recent # years, sufficient data on the operation of turbogenerators with a 
hydrogen pressure of 0.05-0.1 atm gauge have become available. There are, further¬ 
more, some operational results available at still higher pressures. For example, 
as early as 1953 tests were carried out on a set of 30 MW rating with special 
radial seals for operation at a gas pressure of 0.5 atm. Continued operating ex¬ 
perience enables us to conclude that this type of seal is the most convenient and 
would make it possible to raise the gas pressure to 2-3 atm. 



age per day and pressure. 


During a long period of opera¬ 
tion it was also found that the oil 
pressure on the seals must exceed 
the gas pressure in the machine by 
not less than 0.3 atm. At a gas 
pressure of 0.05 atm the impellar- 
type oil pump of the turbine, pro¬ 
ducing an oil pressure of 0.3-0.35 
atm at the seals, assures normal 
operation of the unit. When the gas 
pressure is raised, it is necessary 
to adjust the oil pumps, which must 
run continuously. 


On the generator considered, two oil pumps were provided, viz. the working 
pump and a stand by pump, with a head of 3.5 atm gauge. The stand-by pump is 
automatically started when the oil supply to the sealing bearings fails or if the 
oil pressure falls below a pre-set value. 


To improve the performance of the oil seals the rotor shaft has a conical 
part immediately behind the seal to prevent the oil from creeping along the shaft. 
After a period of operation of the generator in air, an inspection was carried out in 
which complete absence of oil on the surface of the shaft behind the seals was 
established. It should be noted that if the temperature of the sealing bearings was 
previously found to be of the order of 50 - 57° C., this was reduced by the new de¬ 
sign to 45 - 46°. 

Before the installation of the experimental rotor designed to work at a hydro- 
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gen pressure of 2 atm gauge, the stator of the machine was tested by compressed 
air at a pressure of 3 atm gauge. Points of gas leakage were carefully observed 
and removed by scaling the individual micro-cracks by welding. This considerably 
reduced the gas leakage from the generator during operation. It is recommended 
that in future compressed air tests on stators should be carried out in the works, 
as this results in a considerable improvement in the quality of the machines de¬ 
livered and also facilitates and accelerates the change-over of newly erected 
generators to hydrogen cooling. 



FIG. 5. Reduction of gas pressure in a 
turbogenerator. 


The operation of the 
generator at higher hydrogen 
pressures required a number 
of alternations in the gas 
circuit to he carried out. In 
particular, the design be¬ 
comes more convenient, if 
the liquid relay is removed 
from the hydrogen panel and 
erected separately. A new 
system of sutomatic hydrogen 
supply was also installed. 


Sustained operation of the set on full load at a hydrogen pressure of 0.05 atm 
gauge showed that the hydrogen leakage was of the order of 0.10-0.12 m J per day. 
When the gas pressure is raised, the gas leakage increases considerably (Fig. 4). 
Since an analysis of the gas sampled from the oil detraining pipe does-not reveal 
any changes of its composition at various gas pressures, we must assume that the 
leakage is not confined to the seals, but also finds its way through leaks in the 
casing of the machine. 

At pressures of 0.5-2 atm gauge the purity of the hydrogen hardly varies at 
all and keeps within limits of 95.7-95.3 per cent. 

The quality of the hermetic sealing of the machine is indicated by Fig. 5, 
which shows that in a period of 40 days the gas pressure fell from 2 to 0.5 atm 
gauge in the running machine in the complete absence of a further supply (topping 
up). During these tests the relationship between the oil consumption of the seals 
and pressure was established (Fig. 6). 

Results of the Thermal Tests 

Fig. 7a shows that when the temperature rise of the rotor copper is 105°C., 
i.e. the maximum permissible temperature rise of insulation of class VS, a 
rotor with surface cooling by air may be loaded to 42GA (curve 1). If, however, 
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the load of the generator is 30 MW and the power factor 0.8, the exciting current 
will be 490A and the temperature rise of the copper will be about 140°C. 

The direct cooled rotor running in air and with an exciting current of 1450A, 
corresponding to the same load of 30 MW, has a temperature rise of 62.5°C. (cfarve 
1. Fig. 7b) he. only 45 per cent of the figure applying to surface cooling. We see, 
therefore, that even with air cooling the new rotor assures reliably the full output 
of the generator. The test results obtained on the rotor showed that if the hydrogen 
pressure is not increased, the temperature rise of the copper under the rated con¬ 
ditions of operation will also be 45 per cent of the value obtaining for surface 
cooling by hydrogen (curves 2 and 4 of Fig. 7). 

If, however, the hydrogen pressure is 2 atm gauge, the temperature rise of the 
copper under the rated operating conditions is only 16 per cent of the temperature 
rise for surface cooling by hydrogen at a pressure of 0.05 atm gauge. 


FIG. 6. Relation between hydrogen pressure 
and oil flow through seals. 


u 20 20 40 20 SO 1/mim 

Oil consumption 

If we keep the temperature of the copper at the previous level, the maximum 
rotor current could be increased by a factor of 2.5. However, since the insulation 
of the rotor winding and, particularly, the inter-turn insulation of direct cooled 
conductors works under more severe conditions, it is preferable to maintain the 
average temperature of the winding at a slightly lower level with a view to reduc¬ 
ing the thermal deformation of the turns. This is particularly important from the 
viewpoint of the reliable operation of a generator under conditions of repeated 
shorttime overloads and forced excitation on short-circuits. The increased current 
density in the rotor winding (approximately double the usual value) causes con¬ 
siderable short-time temperature rises which must not impair the dielectric strength 
of the inter turn insulation. 

Assuming the average temperature rise of the copper, measured by the re¬ 
sistance method, as equal to 65-70°C., we can obtain with the same dimensions 
of the active part of the rotor a total rotor current 2.0-2.2 times higher than with 
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Rotor current (A) 



Rotor current (A) 


FIG. 7. 


Temperature rise of rotor winding above ambient 
temperature 

a) rotor with surface cooling; b) rotor with direct 
cooled winding. 

1) air cooling; 2) hydrogen cooling, p = 0.35 atm 


2) id., p = 0.5 atm gauge; 4) id., 
5) id., p — 2 atm gauge. 


gauge; 
p — 0.05 atm 
gauge; 


surface cooling of the winding. The possible increase of the exciting current vs. 
hydrogen pressure is plotted in Fig. 8. 


CONCLUSIONS 

1. The experience gained in manufacture and the results of thermal tests on the 
experimental rotor designed by the “Elektrosila* Works permit us to expect that 
this method of direct cooling of the rotor conductors may he used in the design of 
turbogenerators rated at 200 to 300 MW. 

2. The calculations show that the utilization of the materials in a turbogenerator 
with a rotor of the new design and a conventional stator is improved on an average 
by 60 per cent as against the most fully utilised machines of normal design. Also, 
the operating temperature of the rotor winding is then not more than 80 per cent of 
the permissible temperature for the rotor insulation with the usual cooling system. 

3. The new design of rotor winding may be used successfully for hydrogen cooled 
turbogenerators of 30-150 MW rating; this means that though the main operational 
parameters of the machine are unchanged, its weight and dimensions can he reduc¬ 
ed by 30-35 per cent against those of existing machines. This is a considerable 
advantage from the point of view of reducing the production costs of generators, 
and also to facilitate transport and installation. 
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4. The manufacturing processes for the new design of rotor winding are # undoubt¬ 
edly more difficult than those of the conventional machine. However, if the tech¬ 
nique is appropriately developed and carried out with the use of special, but not 
referred to unit output of the machine, may not on the whole be greater than with 
the present design. 

5. For generators working at higher hydrogen pressure the use of shaft seals of a 
special type is recommended. 

6. The stators of hydrogen cooled turbogenerators should be tested in the works 
with compressed air. 
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FIG. 8. Rotor ampere-turns vs. 
hydrogen pressure for various 
methods of cooling rotor wind¬ 
ing. 




HIGH-VOLTAGE AUTO-TRANSFORMERS* 


A.G. KRAIZ 

(Received 17 January 1957) 

The present communication considers some characteristic features of the operation 
and design of H.V. auto-transformers. The basic circuit diagram of an auto-trans¬ 
former is shown in Fig. 1. The H.V. winding and the M.V. winding are taken conven¬ 
tionally as the series and the common windings, respectively. 


Conditions of operation of auto-transformers 
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The most important conditions of operation are the following: 

a) Operating conditions H. V. - M. V. andM. V. - 
H.V . This case refers to pure auto-transformer 
operation. A step-down auto-transformer with 
H.V. and M.V. windings arranged in series will, 
as a rule, deliver to the load its full rated kVA. 
With a step-up auto-transformer having the L.V. 
winding placed between the H.V. and M.V. 
windings it is sometimes necessary to limit out¬ 
put below the auto-transformer rating, to avoid 
an excessibely additional iron loss due to mag¬ 
netic flux leakage. The $hort-circuit loss will 
under these conditions be 60-70 per cent of the 
maximum loss. 

b) Operating conditions H .F.- L.V. and L.V.~ 

H.V . Under these conditions the machine oper¬ 
ates as a pure transformer and the output kVA 
is equal to the kVA rating of the L.V. winding. 
The short-circuit loss is about 55 per cent of 
the maximum loss. 

c) Operating conditions M.V. - L.V. and L.V.- 
M. V. Operation as a pure transformer with out¬ 
put kVA equal to the rated kVA of the L.V. 
winding. The short-circuit loss is 45-55 per 
cent of the maximum loss (for a step-down auto- 



FIG. 1. Basic diagram of an 
auto-transformer, a) schematic 
arrangement of windings; b) ac¬ 
tual arrangement of windings, 
H.V. bushing at end of winding; 
c) actual arrangement of wind¬ 
ings, M.V. bushing at mid¬ 
point of winding. 1-H.V. wind¬ 
ing; 2-M.V. winding- 3-L.V. 

winding. < 


* Elektrichestvo No. 6, 39 — 44, 1957 [ Reprint Order No. EL 28]. 
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transformer). 


d) Combined transformer-auto-transformer operation H. V. - M. V. simultaneously 
with L.V. -H.V. Under these conditions there is the greatest short-circuit loss. The 
maximum permissible load is limited by the current in the H.V. winding which # 
should not exceed the rated current/^. If the load on the L.V. side is S 3 = 0, the 
machine operates as a pure auto-transformer (conditions H.V.-M.V. and M.V.-H.V.). 
If S 3 increases, there should be a corresponding decrease of S 2 on the M.V. side to 
avoid overloading the H.V. winding.* 


To determine the permissible loads S 2 and S 3 for different values of the power 
factor, let us consider the current vector diagram of an auto-transformer operating 
under combined conditions and supplied on the H.V. side (Fig. 2 a). Also, let us as¬ 
sume that the rated current /inflows in the H.V. winding, i.e. that the auto-trans¬ 
former is being supplied with (or supplies) on the H.V. side its rated kVA. On this 
vector diagram I 2 = 7 2 /A: w and / 3 = I 3 /k 13 represent currents referred to the H.V. side; 

n/Uln is the transformation ratio between the H.V. and M.V. sides and 
^13 = ^in/^Zn IS rat ^° between the H.V. and L.V. sides. 


From the vector diagram it follows that 

4 2 +4 2 + 2 4 4 cos (<p 2 — tf> 3 )= i 2 w (i) 

Multiplying (l) by Wi n ) 2 , we get an expression for kVA loads. 

Si + Si + 2S 2 S 3 cos (<f> 2 — 9 ^ 3 ) = S* (2) 

_ 1 n 

Dividing both sides of (2) by S\ n , we get an equation relating the relative loads (i.e. 
loads expressed as fractions of rated output of the auto-transformer) S 2 ~ S 2 /S n and 

S* == S$/Sjh , 2 r 2 1 n 

^2+^3+ 2 s 2 s 3 GOS (<p 2 — Cp 3 ) = 1. (3) 


By the use of this equation it is possible to determine the permissible loads on 
the M.V. and L.V. sides for different values of the power factors cos <f> 2 and cos c/> 3 . 
Fig. 3 gives curves plotted from (3) for cos <f> 2 — 1 and cos cj> 3 varying between 0 to L 


As stated above (3) and the curves of Fig. 3 were obtained for the condition of 
full-load on the H.V. winding i.e. for L = /j n . It is of interest also to determine for 
this case the current Ijyy passing through the common part of the auto-transformer 
winding (the M.V. winding). Let Ujyy = /^jy/ I\{Vn denote the relative magnitude of 
this current referred to the rated current of the M.V. winding, l M y n = I ln {k 12 - 1). It 
is not difficult to obtain an expression for the current I*j^y from the vector diagram. 



COS 0p 2 — <P 8 )* 



If k 12 = 2, (4) assumes the following form : 

I *MV=V s 2 + 4 — 2s 2 s 3 cos (<p 2 — <p 3 ). (5) 

Fig. 4 shows curves plotted from (5). These curves represent the current in the M.V. 

* All quantities referring to the H.V., M.V., and L.V. sides will be denoted by subscripts 1 2 
and 3, respectively. * ’ 
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winding at cos o 2 = 1 for different values of cos <p 3 and for different loads on the 
L.V. winding. In the particular case when the loads on the M.V. and L.V. sides are 
non-reactive, and with the L.V. winding fully loaded (s 3 = 0.5), h^fy = 0, i.e. al¬ 
though the M.V. winding supplies in this case a load equal to one-half of the rated 
output of the auto-transformer, it does not carry any current. 



FIG. 2. Vector diagrams of the auto- 
transformer. a) Conditions H.V. - 
M.V. simultaneously with H.V.-L.V. 
b) Conditions M.V.-H.V. simultane¬ 
ously with M.V.-L.V. 




FIG. 3. C urves of permissible loads s 2 and s 3 
for an auto-transformer operating under con¬ 
ditions H.V.-M.V. simultaneously with H.V.- 

L.V. 

e) Combined transformer-auto-transformer 
operation H.V. - M.V. simultaneously with L.V. - 
M.V., or M.V.-H.V. simultaneously with M.V.- 
L.V. Under these conditions the greatest input 
or output kVA on the M.V. side are limited by 
the current lyy Let us assume that the M.V. 
winding is fully loaded, i.e. the current carried 
by it is 

I MV= I MVn = k c r 2n = I u (k l2 — 1), (6) 

where 

1 

k = 1 - -— is the auto-transformer transforma¬ 
ble 

tion co-ratio, or the capacity coefficient. 

The case when the M.V. winding is the primary 
is represented by the vector diagram of Fig. 2b. 

FIG. 4. Relative current in M.V. winding against L.V. 
winding load. Conditions of operation H.V.-M.V. simul¬ 
taneously with H.V.-L.V. 
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According to this diagram the rated current of the M.V. winding is 


where 


l MVn, 


V(i[ * c ) 2 -+/; 2 +2/;/;cos( ?1 - t p3), 

I, 
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From (7) we get after simple transformations 
and using the expressions for the relative loads. 

s x , . S 3 


Sl ~ s 


and S-. 


n 


D n 


4 + 


>3 


+ COS (cpi — T 3 ) = 1 


( 8 ) 


k c J 1 k. 

This equation enables for the operating con¬ 
ditions considered the permissible loads s x and 
s 3 of the primary and tertiary windings to be deter¬ 
mined, if the corresponding power factors are 
known. 

Equation (8) takes the following form if k c - 0.5. 
(for 220/110 kV auto-transformers). 

S 1 4- 4s 3 4- 45 L 5 3 cos (cp, — (p 3 ) = 1 • ( 9 ) 

Using (9) the graphs of Fig. 5 were constructed 
for cos <f> 1 = 1 and for different values of cos 0 3 . 

Voltage regulation 

On-load voltage regulation by means of a 

boosting unit connected between the common 

neutral point of the H.V. and M.V. windings and 

•earth is provided nowadays for auto-transformers 

of home production (Fig. 6). This type of con- 

OJ 02 0.3 OA Obstruction results in “tied* voltage regulation in 

FIG. 5. Curves of permissible loads these windings since the e.m.f. of the series 

s i and s 3 for auto-transformer opera- transformer adds to the e.m.f.’s of both the H.V. 
ting under conditions M V. - H.V. and M y> windi at the same time . 

simultaneously with M.V.-L.V. 

Using the diagram of Fig. 6, let us find the re¬ 
lation between the additional e.m.f. and the primary and secondary voltages for a step- 
down auto-transformer. 


U, 


'add' 


V 1 


42 


( 10 ) 


Expressing the voltages and the additional e.m.f. as percentages, viz., 


e add°l 0 


^udd 


U 


In 


100%; 


we get 


“l°/o 


e add% 


U, 


U 


In 


100 %; U 2 % 


u, 


U , 


100 "' 


; 0 > 


n 


U2°/o — Ui 0 / 0 


42 


1 


(H) 
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Equation (11) allows us to determine the additional e.m.f. (in per cent of the 
rated H.V. winding voltage) for given values of u x and u 2 , Substituting into (11) for 
u 2 % =£= 100% - const, we get the additional e.m.f. necessary to maintain rated volt¬ 
age on the secondary of the auto-transformer when the voltage on the primary changes 
(unde? no-load conditions). 


Substituting u x % = 100% = const, we get the additional e.m.f. necessary to ob¬ 
tain a given secondary voltage while the primary voltage is kept at its rated value. 


Fig. 7. shows curves for both the above cases. It is seen that the additional 
e.m.f. becomes greater as the transformation of the auto-transformer, k 12 , decreases. 


A 



FIG. 6. Circuit diagram of auto-transformer 
with boosting unit connected to the common 
neutral point of the H.V. and M.V. windings. 

1 - main auto-transformer; 2 - regulating auto¬ 
transformer; 3-series auto-transformer. 

E \ 

or in percentage values Ae x % =*■— 100%. 

U ln 


The coefficients k 12 and k c used 
above are collected in Table 1, for 
various auto-transformer standard volt¬ 
age ratings. 

TABLE 1. 


u \n{Vln 

&J2 

, 

kc 

150/110 

1,365 

0,267 

220/150 

1,47 

0,32 

400/220 

1,82 

0,45 

220 110 

2,00 

0,50 

400/150 

2,67 

0,63 

110,35 

3,14 

0,68 

400/110 

3,64 

0,73 


The system of voltage regulation by 
means of a boosting unit connected to 
the neutral point of the auto-transformer 
leads in some cases to over-excitation 
of the latter, in others to under-excita¬ 
tion. Auto-transformer over-excitation 
expressed in absolute values is given 

by A Ei -Ei-El n 


The percentage excitation can be calculated using the following formula 

^=5r T^)- 100 ' (,2) 

Fig. 8 gives curves constructed from (12). The curves show auto-transformer 
excitation for various values of k 12 and for various differences between the applied 
primary voltage on the H.V. side and the rated voltage. 


For example, if a voltage of 242 kV (u 2 % = 110%) is applied to the H.V. winding 

220 

of the 220/110 kV auto-transformer ( k l3 = rr-g = 2; k c = 0.5), the overexcitation is 

Ae '°/o = 0?5 ( 11 ° ~ ~ 1 °° = 2 ° % 

which would lead to an excessive increase in the no-load loss and current. 


G 
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FIG. 7. Additional e.m.f. against voltage on the H.V. 
and M.V. sides. Continuous lines - = f(u 2 %) at 

u x % = 100% = const. Broken lines - e a ^% = at 

u 2 % = 100% = const. 


When tappings are provided on the H.V. winding, overexcitation can be reduced 
by setting the tap-changing switch to the maximum voltage position. In this case 
(12) becomes: , i , . . Uj o/ 0 , 


A e,°/< 


~ / u l°/o 


100 , 


(13) 


where g is the ratio of the maximum to normal transformation ratio; 


Thus, with regulation stages ± 2 x 2.5 per cent on the H.V. winding and with the 
tap-changing switch in the + 5 per cent position, the overexcitation in the last ex¬ 
ample becomes: 

A*,®/. = wsrU™ (110-^- 100 = 90/,, 


] ;0 


1.05-0.525 


which can be regarded as permissible for auto-transformers. 

Fig. 8 gives auto-transformer no-load excitation for various values of u 2 % when 
the rated voltage is applied to the H.V. side. 

Abnormal excitation of auto-transformers leads to a corresponding deviation of the 
e.m.f. E 3 and the voltage t/ 3 of the tertiary winding from their rated values. This de¬ 
viation, expressed as a percentage, is 

A «3% = 1 

and is numerically equal to the auto-transformer over-excitation: % = Aej°/ 0 . 
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Thus, from (12) and 
(13) and the graphs of 
Fig. 8 we can also deter¬ 
mine the deviation of the 
tertiary voltage from its 
rated value. 

An examination of Fig. 
8 reveals yet another 
shortcoming of the “tied* 
regulation.*^ the voltage 
u 2 % on the M.V. side is 
increased while keeping 
Ui% - const = 100%, the 
voltage on the L.V. 
side drops (Am 3 % is nega¬ 
tive). 

If, however, u 2 % = 100% 
is kept constant, the vol¬ 
tage on the L.V. side 
varies as the applied vol¬ 
tage u x changes. 

The drawbacks of the 
“tied* regulation can be 
avoided by connecting the 
boosting unit in the H.V. or M.V. line, or between the common and the series wind- 
ings of the auto-transformer. Such systems are not entirely free from disadvantages 
either. These, however, cannot be discussed here because of lack of space. 

It may be stated that the best solution to the problem of voltage regulation is to 
insert the regulating equipment always in the main auto-transformer provided that this 
is possible from considerations of transport requirements. 

Surge phenomena ill auto-transformers 

The differences in the surge behaviour of transformers and auto-transformers are 
due to the fact that there is a direct electrical connexion between the H.V. and M.V. 
windings. 

A surge can impinge on the H.V. winding either from the side of its line end (end 
A , Fig. 1) or from the opposite side - the M.V. lilae (end A m , Fig. 1). In both cases 
the initial (capacitive) voltage distribution along the H.V. winding (the steepness of 
which determines the amplitude of the following oscillations) is different since it de¬ 
pends on the ratio of the series (coil-to-coil) to shunt (coil-to-earth) capacitances. 
The least steepness of the curve of the initial voltage distribution occurs when the 
wave enters the winding at the line end A. Thus, the effect of surges on auto-trans- 
formers should be considered for the above two cases. 





FIG. 8. Auto-transformer overexcitation Ae t % and the 
deviation of the tertiary voltage from the rated volt¬ 
age, A w 3 % against the voltage on the H.V. or M.V. 
side (for ®tied w regulation). 

Continuous lines - Ae x % = Aix 3 % = f(u 2 %) 
for u ± % = 100% = const. 

Broken lines - Aei% = A u 3 % - f(u x %) 
for u 2 % - 100% = const. 
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In Table 2 a comparison is made between the voltages on line terminals of 
windings for 220/110/11 kV step-down and step-up transformers and auto-transformers 
impulsed with the 1.5/40 psec full wave. The data shows that with the impulse app¬ 
lied to the terminal A (220 kV) the voltage on the terminal Am (110 kV) is 0.25 x 945 = 
236 ky max for step-down transformers and 0.68 x 945 = 644 W max for step-dowif auto¬ 
transformers, the full-wave impulse voltage test level being only 480 kV ma ^for the 
110 kV insulation class (945 kV max for the 220 kV class). 


TABLE 2. 


Impulse voltage app- Impulse voltage 



lied to terminal A 

applied to 
terminal A m 

/l-O, 

C%) 

A m ~ O 

O 

1 

& 

A ■ 

-o 

(%) | 

( kv max> 

(%) |< kV TOM> 

Transformer: 







a) step-down 

100 

25 

236 

100 

117 

561 

b) step-up 

— 

— 

— 

100 

220 

1030 

Auto-transformer: 







a) step-down 

100 

68 

644 

100 

219 

1 050 

b) step-up 

100 

100 

945 

100 

300 

1 440 


With the impulse applied 
to A m (110 kV) we get, cor¬ 
respondingly, 1.17 x 480 = 

561 k Vmax for transformers 
and 2.19 x 480 = 1050 VN ma x 
for auto-transformers which 
also exceeds the full-wave 
impulse test level for 220kV 
insulation class (945 k\ T max ). 

To prevent breakdown of 
auto-transformer insulation 
under surges, the II.V. and 
M.V. line terminals should 


'Hk; 

ratings regardless of whether the 


be protected by valve-type 
surge diverters of appropriate 
auto-transformer is connected to the line or not. 


Table 3 shows the effects of surges on the series insulation of transformers and 
auto-transformers. It is seen that the maximum gradients in the oil ducts between 

Og£> 

coils are approximately the same for transformers and auto-transformers when tested 
with either full or chopped waves. The exception is only the region of the tap changer 
where the gradient between the adjacent tappings is considerably greater for auto- 
transformers than for transformers. This is due to the fact that with the same percen¬ 
tage regulation the fraction of the number of disconnected turns to the number of 
turns in the H.V. winding (the series part) is twice as high for auto-transformers (with 
ki2 — 2) than for transformers. 


TABLE 3. 




Full wave. 

1.5/40 fj, sec 




Maximum 
gradient 
in one oil 

Maximum 
gradient 
in the tap 

Chopped wave 
T = 2 - 3 [L sec 



duct 

changer region 


Transformer . . 

# 

20 

j 

19.5 

18 

Auto-tran sformer 


16 

I 

- 

34 

14 


The overvoltages which 
appear on the tertiary wind¬ 
ing due to impulse stressing 
of the H.V. and M.V. wind¬ 
ings, are induced in it elec- 
trostatically and electromag- 
netically, i.e. in the same 
manner as in transformers. 


Condition of the neutral point 


High-voltage auto-transformers of home produce cannot be operated with the 
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neutral pojnt disconnected from earth. This will be made clear from the following con¬ 
sideration. In a system with effectively earthed neutral point the voltage on the un¬ 
earthed neutral of a transformer or an auto-transformer rises during one-phase-to-earth 
fault to a value given by r. 

# ^ 1, (14) 

where x l9 x 29 and x 3 are positive-, negative-, and zero-sequence reactances. 


Assuming x t = # 2 and substituting a 0 and /3 


a 


Xi 


~a We ^ et 


U n0 (15) 

where U x and U phi are the line and phase voltages of the H.V. winding respectively. 


At the same time the voltage of the sound phases is 

u '-° = y=y i + P + P 2 , ( 16 ) 

while the voltage at the line terminals of the VI.V. winding of the auto-transformer is 



Taking, for example, the 220 kV voltage class and assuming a *= 4 and /3 



4 

2 + 4 


= 0.67 


we see that during one-phase-to-earth fault the voltage on the neutral and the voltage 
on the H.V. line terminal will not exceed the permissible levels of the respective 
surge diverters RVS - 110ear2/j and RVS - 220 ear ^, while the voltage on the 110 kV 
M.V. line terminal will rise to (J 2 o — 141.5 kV and will therefore exceed the permiss¬ 
ible voltage for the RVS-110 ear ^ surge diverter by 47 per cent. 


This explains the necessity of earthing the neutral points of 220/110 kV auto- 
transformers, since the insulation of their M.V. windings is coordinated with the pro¬ 
tective characteristics of the RVS - 110 ear ^ surge diverter. 

Construction 

The constructional design of high-voltage auto-transformers is basically the same 
as that of transformers for the same voltage class. The characteristic differences are 
formed in the design of the connexions to the winding ends (the external connexions 
between windings and between windings and bushings). Also, there are some differ¬ 
ences regarding connexions to the ends of the internal windings and regarding some 
main clearances. Fig. 9 shows a possible method of arranging the windings for the 
220/110/6-10 kV step-down auto-transformer with the H.V. bushing connected to 
mid-point of the H.V. winding. This figure shows that the upper end of the M.V. wind- 
ing (neutral X) is brought out and so has to be insulated against earth, L.V. winding, 
and one end of the H.V. winding. On the other hand, construction of the lower part of 
the auto-transformer is considerably simplified on account of the electrical connexion 
between the H.V. and M.V. windings since their common point A m can be brought 
out directly from the H.V. winding. In the case of a transformer with separate wind¬ 
ings, the construction of the connexion to the lower end of the M.V. windings would 
be the same as that to the upper end. 

Also, the existence of the electrical connexion between windings in an auto¬ 
transformer makes it possible to reduce the end clearances since, in this case, the 
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5 — voltage divider; 

6 — pneumatic drive of the isolator; 

7 — control cubicle. 
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A new air-blast circuit breaker for 220 kV, 7000 MV A 


and the two others, of 25 mm diameter, supply the compressed air to the drive of 
the isolator. The arc chamber is mounted on the drive of the isolator and con¬ 
sists of four identical elements, each of which contains a hollow porcelain in¬ 
sulator, a fixed and a moving contact with the pneumatic mechanism. Both fixed 
and moving contacts are hollow and communicate with the exhaust ducts of the 
flanges. 

A voltage divider consisting of four metal resistors connected in parallel 
to the elements of the chamber is arranged beside the arc chamber. The total 

resistance of the voltage divider is 720,000 ohms. 

0 

The isolator drive is connected with a mechanism of switching block con¬ 
tacts with porcelain rods. Two insulator columns support the contact of the 
isolator, each of the columns consisting of insulators type IShB-35. 

For remote and automatic operation each of the phases of the circuit 
breaker is equipped with two electromagnets. Three-phase operation can he 
achieved by either series or parallel connexion of the three magnets for which 
two different sets of coils are used. For manual operation a special pneumatic 
device is provided whose control buttons are arranged in a control cubicle. In 
this case the phase cannot be operated individually. 

To prevent freezing of the air ducts in the insulators continuous air cir¬ 
culation is provided by means of special reduction valves in the control cubicle. 
Each phase of the circuit breaker is provided with an indicator, showing the 
state of the ventilation. The control cubicle also contains contact pressure 
gauges which interrupt the operating circuits at inadmissible losses of pres¬ 
sure In the air tanks. 

The operating columns of the circuit breaker does not differ from that of 


the air-blast circuit breaker for 220 kV, 5000 MV A*. 

Principal characteristics of the circuit breaker: 

Rated voltage 220 kV 

Rated current 1000 A 

Rated breaking current 18.4 kA 

Rated breaking capacity, allowing for rapid reclosing 7000 MV A 

Max. “through* short-circuit current, 

amplitude 65 kA »’ 

r.m.s. value * 38 kA 

Thermal short-circuit rating (10 seconds) 15 kA 

Voltage rating of the operating magnets 220 V d.c. 


* O.V.V. Afanasiev and N.A. Makarova; Air-blast circuit breaker 220 kV, 1000 A, 
5000 MVA. All-Union Electrotechnical Institute No. 6 (1954). 
t These values have been obtained experimentally at the All Union El. Institute. The 
“Elektroapparat* Works recommend 55 and 32 kA, respectively. 
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Permissible limits of voltage variations on the operating 
magnets ^ 

Opening time (from instant of giving the tripping signal 
to inception of contact separation) not more than 
Mai. arc-duration 

Total-break-time (from instant of giving the tripping 
signal to final arc extinction) not more than 
Making time (from “On” signal to the moment of making 
contact with the fixed contact of the isolator) not more than 
Duration of the contactless interval of the arc chamber 
(from opening to closing of the contact) 0.25 

Time from signal to separation of the isolator from 
the fixed contact 

Max. velocity of the movement of the contact knife 

of the isolator during making and breaking 13 

Rated air pressure 

Max. permissible air pressure in the tanks 

Min. air pressure at which the capacity of the circuit 


- 120 per cent 

0.06 sec. 

0.02 sec. 

0.08 sec. 

0.45 sec. 

•»> 

- 0.35 sec. 
0.14 sec. 

■ 22 m/sec 

20 atm 

21 atm 


breaker is not reduced 

Capacity of the basic storage tank of one phase 
Capacity of the additional storage tank of one phase 
Pressure drop in the tanks during breaking 
Air consumption for one breaking operation 
Air consumption for one making operation about 
Pressure drop with automatic reclosing followed 
by breaking 

Air consumption for automatic reclosing 
Air consumption for ventilation 
Weight of one phase appr. 

Weight of control cubicle appr. 


18 atm 
1214 litres 
1214 litres 
2.25 — 2.5 atm* 
5500 - 6100 ltr.* 
400 litres 

4 — 4.5 atm 
9700 - 10,900 ltr. 

900 ltr/hr 
6000 kg. 
350 kg. 


Results of circuit breaker duty tests 

Mechanical tests consisting of 1000 making and breaking operations were 
arried out with a pressure of 20 atm. In addition, 25 duty cycles were carried 
ut at a pressure of 21 atm and 25 cycles at 15 atm. Inspection of the individual 
Eirt and of the assembly of the circuit-breaker after the mechanical tests showed 
iat its main elements were in good condition and that the circuit-breaker remain- 
i in full working order. The mechanical characteristics are shown in Fig. 2. 

The tests showed that the voltage distribution on the arc chambers is as 


The magnitude of the pressure drop shown takes account of the installation of the 
additional storage tanks. 

The figures for air consumption are given for one phase and refer to atmospheric 
pressure. 


FIG. 3. Oscillogram obtained during breaking of 50 per cent 
of the breaking capacity of the breaker; p = 18 atm. 

1 — arc voltage drop (duration of the arc 0.0138 sec) 

2 — restriking voltage (frequency 2000 c/s. 
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interruption capacity of the breaker; p = 16 atm. 

1 - arc voltage drop (duration of the arc 0.0135 sec) 

2 — restriking voltage (frequency 400 c/s). 
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A METHOD FOR THERMAL CALCULATIONS OF MINING 

COMBINE MOTORS * 


G. I. PERTSOV 
(Received 10 December 1956) 

Mining combines are driven by enclosed induction motors with squirrel-cage rotors. 
Tbe main design features of the frames of these motors are shown in Figs. 1 and 
2 . 

The motor represented in Fig.l has a frame with cooling fins with internal 
air circulation; Fig. 2 shows a motor with a frame with cooling fins with internal 
air circulation and external blower-cooling. 

Heat is generated in the motors in the stator winding, in the steel of stator 
and rotor, bars and short-circuiting rings of the rotor, in the internal fan and the 
sealed bearings. These parts of the machine are connected by thermal conducti¬ 
vities. 

The heat energy of the individual parts of the motor is dissipated into the 
surroundings not through one homogeneous surface, but through several surfaces 
presenting different conditions for the air-cooling. For this reason it is not per¬ 
missible to consider an electric machine for thermal calculation as a homoge¬ 
neous body of infinite thermal conductivity because calculations on this basis 
lead to considerable discrepancies between theoretical and experimental results. 

The results of calculations will be unsatisfactory also in the case that 
not the temperature rise of the whole machine, but only that of its winding is consi¬ 
dered and influences of other parts are only considered by some empirical co¬ 
efficients. These coefficients, found by experiment, apply only to a given motor 
and, strictly speaking, only to well-defined operating conditions of the machine. 

In thermal calculations based on the theory of the temperature rise of two 
homogeneous bodies, the heating processes of stator and rotor are considered 
indepenently of each other. 

According to the thermal energy balance for steady operating conditions and 
for constant heat losses we may write down the following equations. 


* Elektrichestvo No. 6, 58 - 64, 1957 [Reprint Order No. EL 30]. 
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P \ ~~ x \ X \ +(*1— t 2 )* I2 ; \ 

^2 = V 2 + (^ — r l)*2l, / 


where r 2 and r 2 are the temperature rises of the copper (body 1) and steel 

v o y 2), above the temperature of the ambient medium; 

K and A, are the thermal conductivities of bodies 1 and 2, respectively; 

A 12 and A 21 are the mutual thermal conductivities of the bodies 1 and 2 ’ 
respectively. ’ 
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An amount of thermal energy P 1 or P 2 of the given bodies is expended 
(a) by transfer to the ambient medium; (b) by transfer to the other body. 

We get, therefore, a system of two linear equations. This explains the ef¬ 
forts of a number of authors to consider the heating-process of an electricaf 
machine simplified as the temperature rise of two bodies. Experience has shown 
that the theory of the heating of two bodies yields satisfactory results in the 
case of a machine with a large air gap. However, in machines with a small air 
gap the thermal interaction of stator and rotor becomes considerable. 

# 

For this reason the theory of the heating of two bodies cannot be applied 
to induction motors. To take into account the influence of the rotor on the tem¬ 
perature rise of the stator windings B.P. Aparov suggested, on the basis of 
special investigations, to add to the losses in the stator copper 30 — 50 per 
cent of the losses in the rotor. The arbitrary addition to the copper losses of 
30 — 50 per cent of the rotor losses leads to an incorrect rating of the installed 
power of the motor, and for this reason B.P. Aparov’s method of thermal cal¬ 
culation is not acceptable. 

Thermal calculations based on the theory of the heating-up of three homoge¬ 
neous bodies considered the temperature rise of the copper and steel of stator 
and rotor (the rotor being regarded as a homogeneous body). 

According to the thermal energy balance for steady operating conditions 
and constant heat losses we may write down the following equations: 

p \ = ". 2 1 + (x, — t 2 )^ 1? + (t, — t 3 )A I3 ; \ 

P 2 — x 2 l 2 + (~ 2 — x,) X 2I -}- (x 2 — x 3 ) X 33 ; l (2) 

P 3 — X 3^3 ~f~ ( x 3 ^l) ^Sl -f" ( T 3 — t 2) ^32> j 

where r 19 r 2 and r 3 are the temperature rises of the copper (body 1), stator steel 
(body 2) and rotor steel (body 3) above the ambient temperature; 

\ x A 2 and A 3 are the thermal conductivities of the bodies, 1, 2 and 3; 

Aj. 2 ? A 21 and A 31 are the mutual thermal conductivities of the bodies 1, 2 and 3. 

Amounts of thermal energy P 1? P 2 and P 3 of the three homogeneous bodies 
are expended 

(a) in transfer to the two other bodies; 

(b) in transfer to the ambient medium. 

To the system of equations (2) corresponds a definite thermal equivalent 
circuit, represented in Fig. 3. 

Our analysis showed that in thermal calculations the temperature rise of 
the stator winding practically does not change, if the heat flow from the rotor to 
the stator copper is ignored. This heat flow is considerably less than the heat 
flow frpm the rotor to the stator steel owing to the negligible thermal conducti¬ 
vity of the air and the wedge in comparison with that of the steel. The effect of 



Cooling air 


FIG. 3. 


the rotor on the temperature rise of the stator winding does not manifest itself 
directly, but through the thermal flux from the rotor to the stator steel. 

stator steel is additionally heated by the losses in the rotor, owing to 
which the heat exchange from the stator copper to the steel deteriorates and, 
consequently, the copper temperature rises. These conditions are represented 
by the correct thermal equivalent circuit shown in Fig. 4, 



Cooling air 
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For the altered circuit we may write down the following equations in ac¬ 
cordance with the thermal energy balance: 

=' T i ;l ! Hr -(^1 — ^ 2 ) ) 

P 2 = T 2 A 2 + (^2 — T 1) hi + ( t 2 — t 3) *23 ^ ■ ( 3 ) 

P 3 = *3*3 + (*3 — *C 2 ) *32- 

The temperature excuss of the stator winding may be determined from the 
following expression: 

_ I F 2 X 72 I ^3^23^12 

1 aB ‘ aAB ‘ aABc 9 

where 

a = X J + ^ 2 ; ^ = ^2 + ^23 > 

c =* 3 + 1 32 ; A = bc ■ 

—- A a — ^12^21 

Aa 

The thermal calculation based on the concept of three homogeneous bodies 
for some types of squirrel-cage induction motors results in satisfactory agree¬ 
ment with experimental data. As regards motors of the type used for mining com¬ 
bines, numerous tests and calculations have established that the temperature 
excess of the stator windings due to the losses in the steel represents: 

(a) About 75 per cent of the total temperature rise of the winding at the rated 
power for closed types of the motor without external forced cooling 

(Fig. 1); 

(b) About 50 per cent of the total temperature rise of the winding at the rated 
power for closed types of the motor with external fan-cooling 

(Fig. 2). 

Consequently,, the temperature rise of the stator only due to the losses in 
the stator and rotor copper is of the order of 25 per cent for closed types without 
external forced cooling, and 50 per cent of the total temperature excess of the 
winding at the rated power for closed types with external forced cooling. When 
the temperature of the winding rises above the permissible value, for example, 
by 10 per cent, it is necessary for reducing this temperature to reduce the cop¬ 
per losses by 40 per cent for motor types without external cooling and by 20 
per cent for motor types with external forced cooling. The useful output of clos¬ 
ed motors of the type designed for mining combine motors varies, therefore, for 
a type without external forced cooling proportionately to the square of the varia¬ 
tion of the overall temperature, and for the types with external forced cooling, 
approximately in a linear manner. 
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The thermal calculation based on the theory of three homogeneous bodies 
constitutes a considerable improvement in comparison with the theory of the 
temperature rise of two homogeneous bodies, and yet it cannot be recommended 
for motors for mining combines in which a considerable temperature rise of the 
stator winding occurs under no-load conditions owing to the constant losses. It 
is, in this case, necessary also to consider the following circumstances: 

1. The losses m the stator winding consist of the losses in the copper of 
the zone of the slots and of the copper losses in the end connexions of the 
winding. Depending on the system of cooling of the motor and on its%operating 
conditions, the end-connexions of the winding may dissipate the heat liberated 
m them in the ambient medium. In addition to this, they may absorb part of the 
heat liberated in the winding in the zone of the slots or inversely, pass on to 
the winding in the slot zone part of the heat liberated in themselves. The 
theory of the temperature rise of three homogeneous bodies considers the stator 
winding as a homogeneous body having the same temperature with all its parts. 

2. The specific thermal fluxes in the steel at the back and the teeth of the 
stator are inhomogeneous and, consequently, the temperatures of the teeth and 
the back of the stator will also be unequal. The theory of the temperature rise of 
three homogeneous bodies regards the steel of the stator as a homogeneous body 
having all its parts at the same temperature. 

3. Sources of heat in the rotor are: the rotor steel, the aluminium of the 
slotted part of the rotor and the short-circuiting rings. All these parts of the 

rotor are not at the same temperature, wherefore, it cannot be regarded as a 
homogeneous body. 

4. In closed induction motors a fan is generally used for the internal circu¬ 
lation of the air. This internal fan is, on the one hand, a generator of heat, and 
on the other hand, responsible for the transfer of heat from the rotor to the frame 
and to the ambient medium. This fact is not considered by the equations of the 
temperature rise of three homogeneous bodies. 

The above considerations show that for determining the rating of motors of 

mining combines it is necessary to introduce into the thermal calculation based 

on the theory of the temperature rise of three homogeneous bodies the additions 
enumerated above sub 1—4. 

We suggest a branched thermal equivalent circuit, based on eight generators 
of heat , interconnected by finite thermal conductivities (Fig. 5). 

Heat is liberated: 

(a) in the copper of the winding in the slots; 

(b) in the copper and connexions of the winding; 

(c) the steel at the back of the stator; 

(d) the steel at the stator teeth; 
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(e) the rotor steel; 

(f) the aluminium of the slot part of the winding; 

(g) the short-circuiting rings of the rotor; 

(h) the internal fan (internal ventilation losses). 



Cooling air 

FIG. 5. 


To the branched thermal equivalent network represented in Fig. 5 corresponds 
the following system of equations: 
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where P 1 # and r 1 
P 2 and r 2 
P % and r 3 


are the losses and temperature excess of the stator winding in 
the slots; 5 

- the losses and temperature excess of the end-connexions of 
the stator winding; 

- the losses and temperature excess of the steel at the stator. 
teeth. 


p 4 
p s 

p< 
p , 
p . 



and r 4 - losses and temperature excess of the steel at the hack of 
the stator; 

and r 5 — losses and temperature excess of the rotor steel; 

and r 6 - losses and temperature excess of the aluminium W the slot- 
ted part of the rotor; 

and r 7 - losses and temperature excess of the short-circuiting rings 
of the rotor; 

and r, - the friction losses of the internal fan and the temperature 
excess of the air inside; 

• . . , A 8 — the thermal conductivities of bodies 2 ... 8; 

• . . , A 87 — the mutual thermal conductivities of bodies 1 and 2 

8 and 7. ’ " ’ 


In practice it is required to simplify the methods of thermal calculations. 

We must determine the temperature excess of the winding according to the 
actual physical processes taking place in the machine, even if we introduce the 
well-known-simplifying assumptions. In setting-up the branched thermal equiva¬ 
lent circuit represented in Fig. 5, we make the following assumptions: 

1. The thermal fluxes in the stator and rotor steel have only radial direction. 

• l l l ther , m ® 1 flux from the rotor to the stator copper is very small compared 
with the thermal flux directed from the rotor to the stator steel; for this reason 
we neglect it. 

3. The outer surface of the motor frame is regarded as an equipotential 
surface. 


In the branched thermal equivalent circuit shown we considered all the 
thermal flows capable of influencing the temperature rise of the stator wind¬ 
ing. The simplifications introduced do not refer to the initial conditions, but 
consist in neglecting second-order quantities. The precision of the thermal cal- 
cu ations based on the thermal circuit shown, and assuming 8 sources of heat, is 

quite sufficient for determining the ratings of the fully-enclosed motors of min- 
ing combines. 

A solution of the systems of equations presented above, though not intrin¬ 
sically difficult, is yet very laborious and inconvenient for practical purposes. 

We recall that the object of the present communication was to evolve a prac¬ 
tical method of thermal calculations of fully-enclosed induction motors with a 
view to determining the rating of such motors. The rating of squirrel-cage induc¬ 
tion motors is determined by the temperature rise of the stator winding. As re- 
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gards the other parts of the motor such as the stator and rotor steel, rotor alumi- 
nium, etc., their temperature rise is not limited. Consequently, it is only neces¬ 
sary to determine the temperature rise of the stator winding in order to establish 
the rating of the motor. Considering the thermal equivalent circuit with eight 
sources of heat which we evolve, it is only necessary to simplify the determina¬ 
tion of the over-temperature of the stator winding; this renders it necessary to 
reduce the number of equations forming the system. 


We explain below the suggested method of thermal calculation for enclosed 
motors of mining combines. It comprises the following stages: 

W 

1. Setting-up a branched thermal equivalent circuit based on the assumption 
of 8 sources of heat. 


2. Determination of the directions of the thermal fluxes from the rotor from 
the stator windings. 

Thermal fluxes from the rotor 

There are four directions of thermal fluxes in the rotor, viz: 

(a) The losses in the rotor, transmitted through the air gap to the stator 
steel; 

(b) Losses in the rotor carried off through the axial ducts in the rotor and by 
the air passing through them; 

(c) Losses in the slotted part of the rotor aluminium, transmitted to the 
rotor steel; 

(d) Losses in the slotted part of the rotor aluminium, carried off to the 
short-circuiting rings of the rotor. 


Thermal fluxes from the stator winding 

In the stator winding there are two directions of the thermal fluxes from the 
stator winding, viz: 

(a) Losses transmitted from the winding in the slots of the stator to the 
steel of the stator; 

(b) Losses transmitted from the stator winding in the slot to the end con¬ 
nexions. If these values happen to be negative, the losses will be dir¬ 
ected from the end-connexions to the part of the winding in the slots. 

3. Determination of the required numerical values of the six thermal fluxes 
from the rotor and stator winding. To determine these we put down a system of 
six equations. We obtain these equations on the basis of the following condi¬ 
tions: 


(a) The algebraic sum of all the thermal fluxes towards and from any point 
equals zero; 

(b) Th e magnitude of the temperature drop between two points does not 
depend on any particular path through the thermal circuits comprising 
these points. 
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4. Determination of the actual thermal fluxes in all the sections from the 
stator winding to the ambient air. The thermal flux through the stator steel to 
its external surface consists of: a heat flow of constant magnitude, directed 
from the rotor to the stator steel; a heat flow of constant magnitude directed 
from the stator winding to the stator steel; the heat flow proper, set up by the 
losses in the steel at the teeth and the back of the stator. 

5. From the actual heat flows in the various parts of the motor and from 
design data, it is possible to determine the temperature drops and the tempera¬ 
ture excess of the stator winding. 

It is, therefore, necessary, in order to determine the temperature excess of 
the stator winding according to the method suggested, to solve a system of six 
equations. The number of equations must be equal to the number of possible 
directions of heat flows from the rotor and from the stator winding. The use of 
external forced cooling of the frame of the motor does not alter the number of 
directions of the heat flows from the rotor and from the stator winding; only the 
coefficient of heat dissipation is altered. To determine the numerical values 
of the heat flows enumerated, we will carry out the calculation in the individual 
sections below. 

Example of a system of equations 

Corresponding to the branched thermal equivalent circuit of Fig. 5 ^ 


p _L p — p 
y 3 ' 1 yA 1 a.si. 

(P Xl + P yi+ P 2 ) P M + 

+ (Pn+Pyi + P'&P sb )#4 = 

~ P x2 P l2 + (P x2 + # e ) #28 4“ 
4-(#* 2 4-# e +/? r )# 8 ; 

PyzPsZ 4" #j, 2 #58 = #j, 4 #67 + (#j, 4 4 #. hr ) # 7 8> 

#;/3#65 + #j,l#53 4“ (P y i 4- # 3t + P xi ) #34 + 

+ ( P .yl 4~ #3 t 4- P xl 4- #sb ) #4 = P y4#67 4- 

4- {P yi 4- # shr ) # 78 4- {Pyi 4- # 3hr 4- p t ) # 8 , 



where P X1 



— are the losses transmitted from the winding in the stator slots 
to the steel of the stator; 

— losses transmitted from the stator winding in the slots to the 
end-connexions; when P X2 has a negative value, the losses will 
be directed from the end-connexions to the winding in the slots; 



118 


Thermal calculations of mining combine motors 


— losses in the stator winding in the slots; 

— losses in the rotor transmitted through the air gap to the stator 
steel; 

— losses in the rotor transmitted through the axial ducts of^the 
rotor and by the air passing through them; 

— losses transmitted to the rotor steel from the aluminium parts in 
the rotor slots; 

losses transmitted to the short-circuiting rings of the rotor from 
the aluminium in the rotor slots; when P y4 is negative, the losses 
will be directed from the short-circuiting rings of the rotor to the 
winding in the rotor slots; 

— losses in the steel of the rotor; 

— losses in the aluminium in the rotor slots; 

— losses in the stator teeth; 

— losses in the end connexions of the stator winding. 

— friction losses between internal fan and air; 

— losses in the short-circuiting rings of the rotor; 

— losses in the back of the stator; 

R 4 and R a thermal resistances between the bodies 4 and 8 and the ambient 
medium; 

^i 2 > ^13 etc. - mutual thermal resistance of the bodies 1 and 2 , 1 and 3 , 
etc. 

Analysis of experimental data and their comparison with theoretical results 

We will analyse the experimental data of a motor EDK-120, designed for the 
drive of a mining combine, and compare them with results obtained by thermal 
calculations on the method described above. 

The main parameters of the motor EDK-120 are: Continuous output 55 kW; 

voltage = 660 V; / = 64 A; speed on load n = 1485 rev/rnin; enclosed with 
ribbed frame and internal air circulation (Fig. 1 ); overall dimensions : length 
1250 mm, with 780 mm, height 500 mm. 

In the thermal tests the motor was placed on rails fixed to the bed and con¬ 
nected to the shaft of the loading generator. Owing to this the lower part of the 
surface of the frame of the motor could not freely radiate into the surroundings. 
The thermal tests of the motor were not carried out in a special insulating 
chamber, but in the test bay of the works. Despite the fact that the tested motor 
was during its thermal-duty tests separated from the loading generator by a 
special wooden screen, and at some distance from the other machines working 

simultaneously in the test bay, the ambient air around the fram of the motor was 
still slightly agitated. 

The thermal-duty tests of motors for mining combines and coal cutters 
produced by the industry are carried out in the testing stations generally in a 
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similar way. It is for this reason that even though the frame of the motor may 
correspond to the type without external forced cooling, there will always be a 
certain slight cooling effect owing to the agitation of the air in the test bays. 

To measure the intensity of this external air flow by any instrument was impos¬ 
sible owing to the extremely low air velocity. However, the presence of an even 
very slight air circulation increases considerably the coefficient of heat transfer 
and, consequently, reduces the temperature excess of the frame of the motor. 

The temperature excess of the stator winding, kt w , on the other hand, is deter¬ 
mined by the temperature drop At f , between the stator winding and the frame and 
the temperature drop 4 t a between the frame and the ambient air, i.e^ 

4^ = Atf ■+■ At a . 

Our analysis of the experimental results obtained with enclosed motors of 
mining combines and coal cutters enabled us to establish the following approxi¬ 
mate relations: 

Aif/ At w - 0.25 ... 0.3 and 4 t a / Atf = 0.75 ... 0.7 

Consequently, for temperature excess of the stator winding 4 t w = 95°C, 
the temperature excess of the frame of the motor (assuming the frame to be a 
thermal equipotential surface) will be 4£y r « 67 . 71°C. 

According to the tests the maximum temperature excess of the motor frame 
is 4 tf r = 85°C. 

The existence of a slight air current around the frame during the thermal- 
duty tests of the motor is also confirmed by the fact that a thread held near the 

frame is deflected from the vertical direction. 

Tables 1 and 2 collect experimental and theoretical data on the thermal- 
duty of a motor EDK — 120. 


TABLE 1. 



Rating 

(kW) 

Voltage 

(V) 

Current 

(A) 

Slip 

(%) 

Velocity of external 
air current (m/sec.) 

Test results 

56.5 

■ 

660 

66 

1.2 

Owing to the low air 
speed, the intensity 
of the external ven¬ 
tilation could not 
be measured. 

Results of 
calculation 

55 

660 

-s 

64 

0.89 

1 m/sec 
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Temperature excesses 

»» i (1) 
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85 

(maximum) 

70 

(mean) 

Of winding, 

by thermo¬ 
couple 

(°C) 

o* 

o 1 

r~H 

Of winding, 
from 

resistance 

(°C) 

98 

93 


Sum of 
heat 
losses 
(W) 

3923 

3960 

CO 

CD 

CO 

CO 

o 

Windage 

(W) 

: 

250 

230 

Additional 

(W) 

368 

300 

Aluminium 

(W) 

-- 1 1 ' 

700 

500 


Copper 

(W) 

865 

810 


In 

steel 

(W) 

1800 

2120 
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values 
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Conclusions 

1. The existing methods of thermal calculations are briefly reviewed and a 
new method of thermal calculations of enclosed induction motors to be used for 
the drives of coal cutters and mining combines is presented. 

2. The method of thermal calculations suggested may form a basis for a 
practical method of designing enclosed induction motors to be generally accepted 

3. More research work is required on the coefficients of heat exchange of 
induction motors. 

REFERENCES 

1. B.P. Aparov; Investigation of Temperature Rise of Induction Motors under unsteady 
conditions. All-Union Electrotechnical Institute 10- 11 (1939). 

2. A. Dembo and B. Kuznetsov; Thermal Testing of Induction Motors . Tr. Leningrad 
Industrial Inst. No. 2 (1937). 

3. A.P. Ioffe; Temperature Rise of Squirrel-cage Motors Under Repeated Starts and 
Stops. All-Union Electrotechnical Institute No. 3 (1951). 

4. I.M. Postnikov; Projecting Electrical Machines. Gostekhizdat SSSR (1952). 



VELOCITY - TIME RELATIONS FOR ELECTRIC DRIVES FOR 

INTERMITTENT OPERATION * 

L.V. KARNIUSHIN 

(Received 17 December 1956) 

The theory of motor drive presented below is of practical importance for design¬ 
ing and operating a reversible unit consisting of an electric motor and a driven 
mechanism which operates intermittently with frequent starting and braking. 

Depending on the design, and types of operation performed, the choice of 
velocity-time relations (or the corresponding load diagrams of the motor and 
driven mechanism) can be based on various criteria [1-3]. The criteria adopted 
in the present work are based on the fact that the relation between the output of 
the machine and the rating of the motor (the latter being fully utilized according 
to thermal loading) is dependent mainly on the choice of the velocity-time relation 
of the motor [2,3]. 

Thus, in the case of machines having a given duty cycle whose operating 
member moves through a given fixed distance (e.g. a colliery winder), the first 
condition for the choice of the best velocity-time curve of the driving motor is 
that a given output must be secured with the smallest horse-power rating . (First 
criterion). It will be shown later that this condition is equivalent to securing 
the maximum output with a given installed horse-power. 

In a number of cases a second criterion is of importance, which is securing 
the maximum output with a given rated motor torque. This is equivalent to secur- 
ing a given output at the minimum motor temperature rise. 

The functional relation between the motor horse-power (or torque), the velo¬ 
city-time law, and the output power can be found by solving the simultaneous 
equations for the velocity law of the motor, the heating of the motor, and the 
angular displacement of the machine shaft. If this relation is found, the question 
of finding the best velocity-time relation (in accordance with the first or second 
criterion) amounts to finding mathematically either the extremum of a certain 
function (for a given form of tachogram) or of the functional. 

The solution of this kind of problem (when both criteria are satisfied) is 


* Elektrichestvo No. 6, 64-71, 1957 [Reprint Order No. EL 32]. 
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given in the literature only for one particular type of motor velocity-time curve, 
namely when this curve is trapezoidal [2,4]. A more general solution, when not 
only the parameters, hut also the shape of the velocity-time curve have to he 
found, is given in [3, 5, 6]. This applies to cases in which only the second cri¬ 
terion # is satisfied. The problem of the existence of a velocity-time curve satis¬ 
fying the first criterion has never been fully investigated [7]. 

It should be pointed out that there is still at the present time no definite 
opinion on the practical significance of the best velocity-time curve of the motor 
drive. This is because sufficiently detailed investigations covering the whole 
subject have not been carried out. 

In preparing this paper the following assumptions have been made: 

(a) the temperature rise of the motor is assumed to vary with the r.m.s. 
torque; 

(b) the following quantities, referred to the motor shaft, are constant:- the 
resistance torque, T rv the total moment of inertia, /, and the transmis¬ 
sion efficiency, rj; 

(c) the following factors which impose limitations on the voltage-time laws 
of motor drive are neglected:- type of process, robustness of construc¬ 
tion of the machine, conditions for supporting moveable parts, permis¬ 
sible mechanical overloading of motors, and electrical overloading of 
the supplying converter (the influence of these factors will be consider¬ 
ed when comparing the tachograms). 

The best trapezoidal velocity-time curves of the driving motor 

Only symmetrical trapezoidal curves will be considered, since these are 
more advantageous with regard to motor heating than the asymmetrical curves 
[ 2 ]. 

For a given angular displacement, /S, the time during which the motor is 
rotating, t^, and time of rest, t 0 , there is a certain steady (established) angular 
velocity of the motor, co e 2 (or the corresponding acceleration^)* at which the 
r.m.s. value of the motor torque for the interval t m 4- t 0 ), T eq2 , (the equivalent 
torque) is a minimum [4]. Also there is a steady velocity co e ^ (or e^) at which the 
motor output permitted by temperature rise is a minimum. This output is given 
by: 



It is shown in [4] that irrespective of the magnitude of the resistance torque 
of the machine (T r = const) and the efficiency of the mechanical transmission 
(77 = const), the minimum T e ^ always occurs at = 0.75o>A(° r at = 

1.125 where and are acceleration and maximum velocity in the case of 
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a triangular velocity curve at the same /3, t m , and t 0 . 

The velocity co el which corresponds to the minimum P eq i depends on the 
magnitude of the coefficient of dynamic loading. 



i j, a 

7T 



and lies within the limits 

0 

a> e £ 

0.5 <-< 0.625 [4]. 

^A 

The ratios of r.m.s. values of torques and outputs with trapezoidal and 
triangular velocity-time curves for the same values of /3 ,t m9 and t Q are given 
by 


* 3 

-+ fi2 

2z ~ 1 

- ; (3) 

1 + n 2 



where 2 = 





The function P eq /P e q^ [ s a minimum at a certain value of z = z Q which 

depends on the numerical value of (x and is given by one of the real roots of the 
following equation: 


8 z 4 - 5z 3 + 8 (i 2 z 2 - 8 ji 2 z + 2(i 2 = 0 (5) 

in the region 0.5 < z < 0.625. 

By assigning different values to fi (in the majority of cases they lie within 
the limits 0 < ft < 3), it is not difficult to find from (5) the corresponding values 

of Zp =co e i/co/\ . This also gives the optimum velocity at which the minimum 
required output is attained, 
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where t a is the duration of the accelerating period. 

Having established the values for r ,\ , ,„j ,, , 

„ s , , . , values ior <u e j and <s e2 ,we can now determine the 

parameters of the optimum (according to the first and second criteria) rectangu¬ 
lar cusves of the motor torque for the periods of accelerating and braking. 


T =J° >e1 ' 2 + 

a ’ b ‘a 1.2 

T ; 

r ’ 

(7) 

I 

II 

'Ki 

II 

13 

(8) 

a 1.2 b 1.2 m. 

1.2 

where t b is the duration of the braking period. 




Tfie optimum velocity-time relations for the drive 

The time function o> (f), representing the required velocity-time relations, 
s ould increase steadily during the accelerating period, decrease steadily during 
the braking period, and pass through the points 

^ (0) = (t m ) = 0 (9) 

With given values for the displacement f3 and the duration of the cycle t 

^m + J o)> tj 1 ® required rated torque, T n and the rated horse-power, P n of the 
motor working under intermittent load conditions, are given by 

u) T 

p _ n n 
n ~ T02 ’ 



where t e _ period of constant velocity,cq and a 2 - coefficients to allow for 
poorer motor cooling at co < — rated angular velocity of the motor rotor. 

The motor torques during the accelerating and braking periods are 


T a = fe+ T r and T b = J e - T r . (11) 

Substituting (11) into (10) and considering the condition given by (9) 
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Thus riie mathematical determination of the velocity-time relationships for 
a driving motor can be reduced to two similar isoperimetric variational problems, 
that is determination of the function ox (t) which minimizes the functional /, ( or 

adduldha^condfti^ 6 b0Undary conditi °ns 8 iven hy (9), as well as satisfying an 


f co dt ~ /3 . 
0 


(16) 


donelv tt e t mine the A {m f° n ® « 7 hich “izes functional /, is easily 
done by setting up and solving Euler s equations [5,6]. The required velocity¬ 
time law for the drive motor satisfying the second criterion is a symmetrical 
parabola, Fig. la. 
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or the same /3, t m , and t 0 , the ratio of the r.m.s. value of torque for the 
parabolic velocity curve to the torque for the trapezoidal velocity curve is given 


eq q 


eq 



(0.75+ /i2) (2 * - 1) 


3 2 , 

z +ii (2z - 1) 


Also, the ratio of corresponding outputs is 


P e qp 0-75 T egp 


e q 


z T 

eq 


The ratio of accelerations is 


( 20 ) 


( 21 ) 


e mp 1.5 (2 z — 1) 
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FIG. 2. Diagrams of velocity and 
acceleration for one-half period 
of displacement, 

1— with “parabolic acceleration”; 

2— with the optimum velocity law 
(with respect to output)* 

3— with the optimum trapezoidal 
velocity-time curve 

(with respect to output) (fi = 0). 

The load diagram for the parabolic 
triangular shape, 


FIG. 3. Characteristics of motor 
necessary to obtain velocity¬ 
time curves of Fig. 2. 

1—with "parabolic acceleration”; 

2 with the optimum velocity law 
(with respect to output); 

3—with the best trapezoidal 
velocity-time curve 
(with respect to output). 

velocity curve and for T f = const . is of 


T = T r + J e = T r + h m (1 - 2 — ) 

t _ 



(the ratio of mean height of curve to maximum height is 0.5). 

The usual variational method of setting up Euler’s equations is not appli¬ 
cable to finding the function co (t) which minimizes the second functional, /,. 
herefore, it is necessary to* use a direct variational method. 


We shall assume a symmetrical velocity curve of the motor. To solve the 
problem, it is then sufficient to consider only the first half-period of the displace¬ 
ment from t - 0 to t = 0.5 t m , since it is obvious that if the conditions (9) are 
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satisfied,^the required law will also be valid for the second half-period. 

betwJ^T thiS , 1 f'l° f m0ti0n Can be found for an y predetermined relation 
-si I” \r d f L ^ S f a11 ’ h ° WeVer ’ C ° nfbe ourselves to considering only the 

this Ml* u reS1St ^ Ce Can be ne g iected (T r - 0). The solution to 

bv usTn X L r t0 , evaluate the S reatest effect which can be achieved 

y sing the law which conforms to the first criterion. 

minil? the a / SUmpti T T ade the P robIem is reduced to finding a function «, (t) 
mg a functional which is simpler than the functional /j and is given 



(24) 


for the following conditions: a) a (0) = 0; b) co' (0.51 ) = ()• 

0.5«, 

/. 


u m 

c) J co dt 


P 


0 


; d) co (t) > o for 0 < t < 0.5 t 


Condition d) represents the requirement that a, (t) is to increase steadily, 
while condition b) follows from the natural limiting condition for the end of the 
curve <u <*) which has a locus t - t a , parallel to the m axis. 

The solution to this problem [7] gives as a first approximation the following 

optimum (with respect to the equivalent output) laws for the first half of the dis- 
placement when [x ~ 0. 




(25) 


m 



< = (1 ~ + 4-^— ), 

t m t* 

m 

(26) 

vhere ‘mo ~ 8 , 

= 2f . and 6) = — _= A 

A m ° 3 t 3 A • 

m 

(27) 


Ihe curves of velocity and acceleration drawn from (25) and (26) are shown 
>n fig. 2. The same figure also shows for comparison (with the same B, t 
nd p = 0) the parabolic curve and the optimum trapezoidal curve with respect 
o output. Fig. 3 shows the torque characteristics of the motor which are neces- 
ary to obtain the velocity-time curves shown in Fig. 2. 


The r.m.s. value of the torque for the period of 0.5 t m when the motor ac 

eleration follows the optimum law in accordance with the first criterion is 
iven by 
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The equivalent output is found from (27) and (28) 


(28) 


p eq 0 = 10.894 P eqA = 0.596 P e?A 


(29) 


The ratio between mean and maximum height of the load torque curve when the 
optimum law (25) is obeyed is given by 


0.5t 


k = 


/ 

0 


m 

Je dt 


l€ mo °- 5 *m 


l 

3 - 


The use of optimum tachograms with variable path of displacement 

Because of the geometrical relationship between the displacement, /3, of the 
operating member of the driven mechanism and the remaining parameters of the 
tachogram, co, e and t m , these parameters vary with (3. Also the tachogram should 
be corrected for permissible velocities and accelerations. 

Since in the case of a varying cycle of operation the choice of the best motor 
tachograms is influenced by a great number of different conditions, this problem 
must be considered separately for each particular case of the motor drive. 

In the case when a uniform regular cycle of operation and a number of fixed 
paths of displacement are given, the problem consists of either finding optimum 
tachograms corrected for co and e, for each displacement, using the condition 
for the maximum P e g (or T e g) or the maximum output tt for the whole cycle. 

For mechanisms with an arbitrary path of displacement (e.g. the main mecha¬ 
nisms of an excavator) either the first or the second criterion must be satisfied 
for the most typical cycle of operation; for other paths of displacement, the 
highest output permitted by the motor heating must be secured. For this purpose 
it is expedient to devise a scheme of automatic re-adjustment of the control sys¬ 
tem of the motor drive which will ensure that the optimum velocity and accelera¬ 
tion are achieved for each displacement. 

With a constant standstill period, t Q , the effect which can be achieved with 
such a scheme cannot be very great. This is clearly seen in the example of the 
driving motor for the turning mechanism of the walking excavator type ESh — 

14/75 for which the duration of the turning operation is up to 85 per cent of the 
duration of the whole cycle. 

If the parabolic tachogram is used, the angle of turn, /3, at which the motor 
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FIG. 4 . Relative time of turning against an¬ 
gular path for the excavator type ESh — 14/ 
75. 

1 —. with trapezoidal velocity-time curve, 

/3 > 125°, and fixed acceleration and 
velocity (the motor is fully utilized 
only at (3 = 125°); 

2 — with the best (in accordance with the 

2nd criterion) trapezoidal velocity-time 
curves for each angle of turning; 

3 with parabolic velocity-time curves and 
full utilization of the motor with regard 
to heating at (3 ^ H0°. 
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and the mechanism are fully utilized (the first with respect to heating and the 
second with respect to permissible acceleration; e perm = 0.025 1/sec 2 ) is 110°. 
If /3 > HO , while keeping T e ^= const, the acceleration e m p decreases. If j3 < 
110 , the duration of the excavator cycle is limited by the action of the lifting 
mechanism [1]. 


m 

We shall denote sr = - , where t m is the time of turning through the angle 

m.m 

/3 and t m m is the time of turning through 180° when the velocity-time curve used 
is of trapezoidal form and e and co e are fixed and such that the motor can be fully 
utilized from the point of view of heating only at /3 = 125°. 

Fig. 4 shows calculated curves r — f (f3) for different kinematic condition 
of operation of the motor drive when the period of digging is constant, tj = 10 sec. 
It is seen from this figure that if the rotation of the driving motor follows the 
optimum tachogram for each angle of turn, the output of the excavator is increased 
by 4 to 5 per cent. The advantages of the parabolic over the best trapezoidal 
curve judged by the second criterion are, in this case, negligible. 

Comparison of optimum tachograms for electric drive 

In this comparison we shall assume that the cycle of operation consists of 
one period of displacement and one period of standstill; the path of displace¬ 
ment, /3, being constant. 

To assess the usefulness of the optimum velocity-time laws both in design 
and in practice, the following two principles should be applied: 

1) The principle of equal output. This means that the operating member of 
the mechanism should move through a given path (3 in the same time t m , with 
the same duration of time during which the motor is switched on, 0 . The basic 
quantities which are compared using this principle are the required motor para¬ 
meters . 
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2) The principle of equal rated motor torque. This means that the rated 
torque is maintained constant while either the time of the period of standstill, 
t 0 , or the time of displacement, t m , (and so n and 6) is changed. The basic quan¬ 
tities which are compared are the durations of the cycles for various velocity¬ 
time relations. 

Apart from comparing the basic quantities, we shall also compare the mecha¬ 
nical overloading of the motor and the maximum velocity and acceleration of the 
tachograms. Moreover, we shall take into account the effects of the static resis¬ 
tance torque^ T r , and the total moment of inertia / referred to the motor shaft, 
using reasonably probable values for the dynamic index p. 

Under actual starting conditions the motor torque (and acceleration) cannot 
attain maximum instantaneously. (Fig. la). If, for example, a parabolic tachogram 
is used, the end parts of the curve will be slightly distorted (Fig. lb) due to an 
initial smooth variation of acceleration. The existence of this initial variation of 
acceleration is desirable from the points of view of stability and wear of the me¬ 
chanism. Since similar distortions will occur with any selected velocity-time law, 
their effect can be neglected for the purpose of the present comparison. 

To determine numerical values of the ratios of the equivalent torques, out¬ 
puts and accelerations for different values of p and z , we shall use the expres¬ 
sions previously obtained. 

In the case of equal outputs the ratio of the required maximum percentage 
overloads can be found from the velocity-time equation for the period of starting 
and from relation (20). Thus, we get 


X A r e 9 A = /f A + T r and \ T eq p = Je mp + T r ’ 
whence „ J 

Ap _ (1.5 + p) eqA _ (1.5 + p)' \ j 1 + p 2 
*a ~ h~7) ~ JTTjy o.75 + ^ 


In a similar way 


A p _ (1.5 + p) T eql 2 
Al -2 i e h2 + \ T eqp 




In the case when the duration of cycle is decreased by reducing the stand¬ 
still period, t Q9 while keeping the same duration of the period of displacement, 
t m , we have T eq /\ k _ T eqp Therefore, equations (30) and (31) become 


Ap 1.5 p 
A A 1 + M ’ 


(32) 
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and 


k_ 

A 1.2 


1.5 + fi 


e 1.2 





FIG. 5. Triangular, parabolic, 
and optimum trapezoidal velo¬ 
city diagrams for tbe same 
paths and times of displace¬ 
ment and with p — 0. 


The relative Increase, A n, of the output due to the reduction of the stand¬ 
still period, can again be easily found from the condition that the rated 
motor torque should be the same. For example, when changing from triangular 
to parabolic velocity-time diagram, remembering that the ratios previously found 
for equivalent torques over time t c will be numerically the same as the ratios 
over the time t m with the same t m and t 0 , we find that 


eqp 


)2 = 


77 A £ 


cp 


:qA 0 t c A 
p 


and thence 


77 , 


A77 = ( 


77A 


1 ) 100 = ( 


tc A 


cp 


1) 100 = ( 


t2 

T 2 

eqp 


1 ) 100 


( 34 ) 


The calculations of the increase of the output and the maximum relative percentage 
motor overload wheni t m is reduced and t 0 is constant, are not given. In this case, 
the time during which the motor is switched on, u, is given by the velocity-time curve 
considered [6]- The calculations involve graphical solutions of complex equations. 
Also, since the r.m.s. torque and the required output of the motor increase much more 
quickly than the output (e.g., if T r — 0 and 0= 100 per cent, reducing t m k times in¬ 
creases P^and T n k 3 and k 2 times respectively) these means of increasing the output 
by changing from one type of velocity-time curve to another become so ineffective 
for 6 < 60 per cent that they cannot be applied in practice [6]. 




TABLE 3. Comparison between the 1st criterion optimum, parabolic, and the optimum 
Judged on power basis, trapezoidal velocity-time diagrams, fj. = 0 


Basis of 
comparison 


The same {3 
and t. 
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Equal output 


Equal T n , 0, and t m 
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The results of calculations to compare the velocity-time diagrams of Fig. 5 
are given in Tables 1 and 2. Table 3 collects data showing comparisons Ibetween 
the optimum, according to the first criterion, velocity-time curve and the best 
trapezoidal and parabolic tachograms judged on the power basis (Fig. 2). 


1. There are two kinds of extremum velocity-time law of the motor drive 
operating under intermittent conditions of load with full utilization of the motor 
with respect to^heating: 

a) the velocity-time law (25) which gives the minimum rated motor output 
of the mechanism. 

b) the velocity-time law (18) which gives the minimum rated motor torque 
which is necessary for a given output of the mechanism. 

By using these laws we can achieve for a given motor the highest possible 
output permitted by the heating of the motor. 

The parameters of the first kind of the velocity-time law are dependent on 
the coefficient of dynamic loading (2), whereas those of the second kind of the 
law are independent of it. 

2. As can be seen from Table 2, the efficiency which can be obtained by using 
the optimum velocity-time curves depends on the relation between the static and 
dynamic components of the load (i.e. on the coefficient fi) and becomes a maxi¬ 
mum for the purely dynamic load. In the case when the static load is predominant, 
these curves (and also the corresponding armature-current diagrams) have no 
substantial advantage over the best trapezoidal curves. 

3. In the case when the dynamic load is predominant, the following effects 
can be achieved over to the optimum velocity laws: 

a) If the output of an electro-mechanical device for cyclic operation is speci¬ 
fied, considerable lowering of the installed horse-power (and consequent¬ 
ly lowering of the cycle energy loss) can be obtained by using the velocity¬ 
time law (25). 

b) If the motor is specified (or has already been installed) a substantial 
increase of the mechanical output can be achieved without overheating of 
the motor by shortening the period of rest. 

However, in this case the dynamic loading of the mechanism and the per¬ 
centage overload of the motor are increased. 

When the output is specified or needs to be increased by reducing the dura¬ 
tion of the period of running without altering the temperature rise of the motor, 
the advantages of the parabolic velocity-time diagram (18) over the best trapez¬ 
oidal diagram judged on torque basis are small (Table 1). 

The advantages of the optimum in accordance with the first and second 
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criteria velocity laws are as follows: 

a) a much more uniform energy consumption during the starting period; 

b) the mechanical characteristics of the driving motor (Fig. 3) which are 
•necessary when these laws are consistent with the kind of relation 

between the permissible percentage overload and the speed which is pe¬ 
culiar to the d.c. motor; 

c) it is not necessary to have a high ratio between the mean height and the 
maximum height of the load-current (or load-torque) curve of^he motor. 

4. In order to make use of the advantages presented by the best velocity¬ 
time curves in the case when the path of displacement of the operating member 
of the mechanism is variable, it is expedient to provide an automatic re-adjust- 
ment of the control system of the motor drive that will ensure the optimum velocity 
and acceleration for each displacement. The question of the establishment and 
application of the optimum velocity-time laws when the path of displacement is 
variable necessitates additional elaboration depending on the type of the motor 
drive. 

5. The ratio between the mean height and the maximum height of the armature 
current curve should not be used as a criterion for assessing the usefulness of 
the drive control system in cases when the motor is fully utilized with respect 

to heating. The degree of usefulness of a control system is determined by the 
extent to which a most simplified and reliable system approximates the optimum 
velocity laws. The ratio of mean to maximum height of the current curve charac¬ 
terizes the usefulness of the control system only in cases in which it is neces¬ 
sary to use the highest acceleration permitted by the mechanism in order to 
achieve the shortest period of starting or the highest output, irrespective of the 
required motor output. Therefore, the optimum velocity law is that which gives 
a constant acceleration [1]. 

6. The various aspects of the use of the optimum velocity-time laws for 
motor drives should be considered not only when designing the driving motor and 
its automatic control system, but also when designing the driven mechanism. In 
particular, when establishing the permissible accelerations of the mechanisms, 
an allowance should be made for a possibility of using the optimum velocity¬ 
time relations for the motor drive. 

The stability of the characteristics of motor drives is of great importance 
when using the optimum velocity-time laws. 

When the motor is fully utilized with respect to heating and specified output, 
its required rated output and torque depend not only on the type of velocity law 
but also on the reduction gear ratio [1]. In connexion with this the following 
additional conclusions drawn from the present investigation are of interrest: 

a) The smallest rated motor torque is required by using the velocity law 
(18) minimizing the equivalent motor torque, and a rated motor speed cor- 
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responding to the optimum reduction gear ratio. 

b) The smallest rated motor output is required when using the velocity law 
(25) minimizing the motor horse power, and a rated motor speed which 
should preferably be less than the speed corresponding to the optimum 
reduction gear ratio. 
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A METHOD OF DERIVING EQUATIONS FOR THE 
ELECTROMECHANICAL TRANSIENT IN ELECTRIC CIRCUITS * 

S.V. STRAKHOV 

(Received 5 October 1956) 

There are basically two methods of investigating the transient electromechanical 
processes in electric circuits, viz: 

1. Physical modelling. 

2. Mathematical modelling, this comprising two sections, viz: 

(a) the section using physical analogs; 

(b) the section using digital computers (integrators) with continuous 
and discrete action. 

The method of physical modelling, comprehensively treated in papers of 
V.A. Venikov [1-3], M.P. Kostenko [4-6] and of other authors, consists in the 
replacement of large rotating electric machines and hydraulic turbines by simi¬ 
lar units of small ratings with due consideration to the laws of similitude. Trans¬ 
mission lines, tranformers, saturable reactors and static loads are replaced by 
assemblies of capacitances and inductances, networks with repeated members 
being used for transmission lines. In other words, in this case the physical 
character of the model and of the original are the same. 

Among the advantages of the method of physical modelling, where rotating 
machines are concerned, we should mention the possibility of considering eddy 
currents, saturation, hysteresis, the actual distribution of stator and rotor wind¬ 
ings in space, and of other factors. A drawback of this method is the difficulty 
of varying the parameters of individual machines, usually necessitating the 
availability of a number of inter-changeable rotors for them. It is, therefore, more 
convenient to use the method of mathematical modelling in cases where the para¬ 
meters of the machines must be variable; because this method can deal in a much 
more simple way with such variations. However, physical modelling will still be 
preferable in all cases in which the system of differential equations describing 
the process is very complicated. 

* Elektrickestvo No. 7, 5-10, 1957 [Reprint Order No, EL 32]. 
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Referring to the first section of the method of mathematical modelling [1, 7 
and 8], we note that rotating machines are replaced by equivalent devices (elec- 
tronic circuits, electrodynamical apparatus), i.e. physical analogs according to 
the similar structure of their differential equations. In this case the model has 
a different physical character from the original. If the system contains static 
elements, for example, transmission lines, they are represented in the same way 
as in the preceding method, i.e. to these physical modelling is applied. An ad¬ 
vantage of this method is the greater convenience of varying the individual para¬ 
meters of the rotating machines, because it amounts only to a variation of com¬ 
paratively eas^y adjustable parameters of the electronic circuits or the physical 
analogs. On the other hand, since the static elements of circuits consist of as¬ 
semblies of coils and capacitors, no differential equations have to be set up for 
them. This is a great advantage of the first section of the method of mathematical 
modelling over the second section. 

The second section of the method of mathematical modelling, consisting of 
the use of computing mechanisms (integrators) for the investigation of the tran¬ 
sient electromechanical processes in the electric circuits, is nowadays widely 
used. Its importance is still increasing with the growing production of relatively 
inexpensive computor types suitable for the integration of systems of non-linear 
differential equations of an over-all order up to 20— 30. 

This method makes it particularly easy to vary the system of parameters 
within a wide range by an easy regulation of the blocks collecting the coefficients 
of the individual equations. 

This method is suitable not only for the solution of electrical engineering 
problems, but also for the solution of systems of non-linear differential equations 
met in physics, mechanics, hydrodynamics, heat engineering, etc. In this sense 
it is a universal method. 

A disadvantage of this method is the necessity of using a whole number of 
blocks of the integrator for considering the differential equations of the static 
circuit elements and, in particular, of long lines, since often the greater half of 
the overall order of the system of differential equations of the circuit is accounted 
for by the static circuit elements. 

However, the integrators may be designed in such a way as to enable the dif¬ 
ferential equations of only one part of the whole circuit to be represented, whereas 
the remaining part is actually present in life-size or represented by physical 
models. The latter condition considerably extends the range of possible users of 
integrators of this type for investigations of the transient processes in inter¬ 
connected systems. 

Method of setting-up system of differential equations 

In order to use the integrator, the system of differential equations of the 
circuit has to be set up, first of all, in the simplest and the most rational form. 
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We will then consider the differential equations of the synchronised gene¬ 
rator, referred to all coordinate systems rigidly connected with its rotor the 
equations of an induction motor and of all the static circuit elements (loads, 
transformers, transverse capacitances, compensating coils and lines with lon¬ 
gitudinal compensating capacitances) referred to coordinated system rotating at 
an arbitrary speed, as given. 

All the equations given below refer to the positive directions of the currents 
shown in figures. 

When setting up the differential equations for any actual system it is, above 
all, important to choose the most rational system of rotating coordinates to which 
then the equations of all static circuit elements have to he referred. For sym¬ 
metrical circuits the equations of the static elements may be referred to axes 
rigidly connected to the rotor of any of the generators [9], which follows from 
the symmetry of the circuit. 

We will illustrate the method of setting up the system of equations on the 
example of the circuit of Fig. 1, being practically symmetrical. 

We will refer to equations of all elements of the circuit of Fig. 1 (except 
SG2) and the equations resulting from Kirchhoff’s first law, to coordinate axes 
rigidly connected to the rotor of the synchronous generator SGl. 

The equations for SGl are [10 and 11]: 
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In an analogous way, by altering subscript 1 to subscript 2, we write the 
equations for SG2, since we refer to its equations to axes rigidly connected to 
its rotor. 


The equations for lMl [10 and 12] are : 
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The equations following from KirchhofFs first law [cf. (1)] are as follows: 
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The e^ations for static load [9 and 10] are : 
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The occurrence of the factor cos ( 0 2 — 0 t ) and sin (0 2 — d x ) is due to the 
fact that the terminal voltage of SG2 is referred to axes rigidly connected to 
its rotor. 

The equations expressing Kirchhoff’s first law [9], considering the positive 
directions of the currents as assumed in Fig. 1 will be: 
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It should be noted that if the equations of the static load N2 are referred to 
axes rigidly connected to the rotor of SG2, equations (5) will become compli¬ 
cated to the extent equations (4) will be simplified. 

Indeed, if we refer the equations of the static load N2 to axes rigidly con- 
nected to the axes of the rotor SG 2 we get [9 and 10] : 
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Under the same conditions the equations of Kirchhoff’s first law [cf. (2)] 
are written as follows : 
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We will further consider in the equivalent circuit of the transformer 71 
the branch of the no-load current (Fig. 2). For the branches 1 - 7 of the primary 

winding we get [9 and 10] : 
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For the no-load branch we get : 
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Equations of Kirchhoffs first law [cf{ 7)] are : 
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The equations for the compensating coil 2 : 
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We consider above the branches of the primary and the secondary windings 
of transformer T 1, its no-load branch and the branch of the compensating coil 
as rL-circuits. If the mutual inductance between the phases of these branches 
may be neglected, the expressions of the parameters after simplying [10] for 
example, for the compensating coil 2we get : 
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The equations for the capacitance Cn/2 may be obtained from the identities 
(3, 5) ... . (3, 7), give n in [10] if we substitute in them 

C 3 = ClZ/2, ic$d = i C\d> *C 3? = iCiqi^C 30 = J C10 


and di = since at 3 (Fig. 1) the synchronous generator is not connected, and 
the voltage u 3 is directly referred to axes rigidly connected with the rotor of 
SGl, viz : 
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The equations of Kirchhoff’s first law [cf (3)] are as 
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We may get the equations for the line (r ; , L{) with the compensating capa¬ 
citance C com connected to it, for example, from the identities (7) and (12), viz: 
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The equations for the capacitance of the line will be analogous to 

(12), viz : 
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The equations for the compensating coil 2Z*2 com b e analogous to (10) 
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The equations of Kirchhoff’s first law [cf (4)] are 
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Since the way of considering the no-load current in the equivalent circuit 
is shown for transformer T 1, we will write down the equations for transformer 
T2 without considering this factor. These equations may be obtained from the 
identities (1, 17) .... (1, 19) adduced in [10], if we consider that the voltage 
[cf (4)] is referred directly to coordinate axes rigidly connected with the rotor 
of SGl; we have therefore to assume $ 3 = 0,. Also having brought the symbols 
in Fig. 1, 1 of [10] and Fig. 1 of the present paper into agreement, we get 
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We then get the branch of transformer T2 
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Since the equations of the individual circuit elements may be assumed to be 
known, the whole system of equations can be put together from the individual 
equations referring to its blocks, which we can immediately write down for each 
of the circuit elements. 

Should it be necessary to consider in any of the synchronous generators or 
compensating coils the dependence of the inductance on the state of saturation 
of the steel, this circuit element should be separated and its differential equa¬ 
tions be re-written in the proper form, based on the character of the magnetisa¬ 
tion curve. 

It should be noted that the equations for all the zero-sequence components 
form a separate system, to be solved independently of the other equations.Their 
number is 18 in the case of the circuit of Fig. 1. 

Determination of the total order of system of non-linear differential equations 

from structure of circuit 

On the above considerations it is possible to determine from the structure of 
the scheme, without writing down the actual differential equations, the total 
order to the latter. In doing this we have to bear in mind the following circums¬ 
tances: 

1. For a synchronous machine (generator, synchronous condenser or motor) 
with in-phase or quadrature damper windings the total order of the equations is 
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7*, if the circuit contains apart from this at least one more synchronous machine, 

i.e. a machine of magnetic or electric asymmetry (equations of system (1), except 
the third). 

The order of the equation of motion of the rotor of each of the synchronous 
machines is 2. 

If the circuit contains only one synchronous machine, the total order of the 
equations for it will be six, because in this case the differential equation of the 
motion of the rotor will be of the first order and the angle 6 will not occur in one 

of them (by change of the variables d 2 0/dt 2 = dco/dt and dO/dt = co the order is 
reduced by one). 

2. Neglecting each of the damper windings of the synchronous machine re¬ 
duces the total order of its defferential equations by one. 

3. The total order of the differential equations of an induction machine is 5. 
This means that each induction machine connected to the system increases the 
total order of the system of differential equations by 5. 

4. The equations of KirchhofPs first law for the branching points are not dif¬ 
ferential equations and therefore, do not increase the total order of the equations 
of the system. 

5. The stator circuits of the machines (stationary circuits) must be divided 
into the simplest independent circuits and their differential equations have to he 
set up for the in-phase as well as for the quadrature components. This doubles 
the order of the differential equations for each individual circuit. 

6. If a line, system or static load are represented by a coil with resistance 
and inductance, its series-connexion with the stator of any of the machines does 
not increase the total order of the differential equations of the system. 

7. If the circuit comprises a transformer whose no-load current is not con¬ 
sidered, it is represented by a coil. If, however, the no-load current is consider¬ 
ed, the equivalent circuit contains a no-load branch (additional circuit), which, 
together with the necessity of considering the equations of the in-phase and 

quadrature components, increases the total order of the differential equations of 
the circuit by 2. 

8. If there are no synchronous machines in the circuit (e.g. if one or several 
induction motors for static loads, etc., are supplied from busbars of infinite 
power), it is not necessary to set up the equations separately for in-phase and 
quadrature components. If the complex instantaneous values of currents and 
voltages are introduced, a static load or transmission line (each of them separa¬ 
tely) will be represented by first-order differential equations, and an induction 


This does not take into account the differential equations for the zero-sequence com* 
ponents. 
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motor by a third-order differential equation. In this case, the connexion of any 
further Induction machine to the circuit increases the total order of the system 
of differential equations by 3. 

fet us determine the total order of the system of differential equations for 
the circuit of Fig. 3. 



FIG. 3. 

In Fig. 3. the stationary part of the circuit is resolved into three circuits, 

viz: 

(a) The stator SGl — stator I Ml; 

(b) Stator I Ml — line — stator M/2; 

(c) Stator SG2 — stator I M2; for each of which, if the in-phase and quadrature 
components have to be considered, the differential equation is of the 
second order, this resulting in the total order of six. Each of the syn¬ 
chronous machines makes a total order of the order of the remaining 
equations 5, and each of the induction machines involves a total order 

3. The total order of the differential equations for the whole circuit will 
therefore be 22. 

In Fig. 1, if the no-load currents of the transformers 7T and T2 have to be 
considered, the stationary part of the circuit is resolved into 9 simpler circuits, 
for example, as follows. 

(a) Stator SGl — stator IM 1 (if it is necessary to consider in-phase and 
quadrature components, the order of the equations will be 2); 

(b) Stator IMl -no-load branch of the equivalent circuit of transformer T 1 
(Fig. 2) (order of the equations-2); 

(c) No-load branch of equivalent circuit of transformer Tl-compensating 
coil 2L 1 com (order of the equations-2); 

(d) Compensating coil 2L^ com -capacitance of the line C^/2; 

(e) Capacitance of the line Cn/2- line - capacitance of the line C 2//2 
(order of the equal ion s-4). 
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(f) Capacitance of the line C 2 //2-compensating coil 2L 2 com (order of the 
equations-4); 

(g) Compensating coil 2 com - no-load branch of equivalent circuit of 
transformer T2 (order of equations-2); 

(h) No-load branch of equivalent circuit of transformer T2-static load SL2 
(order of equations-2); 

(i) Stator SG2-static load SL2 (order of equations-2); this adding up to a 
total or^er 24. From this figure the fraction concerning transformers T 1 
and T 2, lines and loads SL2, i.e. the static circuit elements amounts to 
a total order 18. For the two synchronous generators the total order of 
the determining equations is 10; for the induction motor, 3. 

We see, therefore, that the total order of the differential equations for the 
whole system will be 37. 

If the line is not represented by one member but by several T — or jrr-type 
members, the fraction of the line elements (series, connected inductances and 
shunt-capacitances) in the total order of the system of the differential equations 
of the circuit will increase still further. This fact is very important in the choice 
of the method for solving the resulting system of differential equations. 

If the in-phase and quadrature damper windings of both synchronous generators 
are not considered, the total order of the equations will be reduced by 4, i.e. to 
33. If, furthermore, we neglect the no-load branches in the equivalent circuits of 
the 2 transformers, the total order of the equations is again reduced by 4, i.e. to 
29. If the two compensating coils 2 com and 2 L 2 com are also neglected, the 
total order of the equation is again reduced by 4, i.e. to 25. 

It is worth noting that in the last case again both synchronous and one in¬ 
duction machine together result in a decrease of the total order of differential 
equations by 13; the remainder, 12 9 refers as before to the transmission line. 
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THE INDUCTION LAW FOR AN ELECTROSTATIC MACHINE* 


A.A. BAL’CHITIS 

(Received 19 December 1956) 

Introduction 

The fundamental equations of the classical theory of electrodynamics, the first 
and second equations of Maxwell point to two possible methods of conversion of 
mechanical into, electrical energy. For example, by the first equation of Maxwell 1 

curl H = yE+^ (1) 

such a conversion is possible when an electric field changes with time, i.e. by 
mechanical action on the electric field it is possible to obtain the magnetic field 
connected with it in space. 

According to the second equation 

curl E =— ~ (2) 

dt 

it is possible to obtain an electric field by changing the magnetic field associated 
with it. 

The second equation of Maxwell was the generalized form of Faraday's ex¬ 
perimental law of electromagnetic induction, viz. 

E = B lv, (3) 

which was discovered in 1831 and forms the basis of the design of a large variety 
of electric machines, covered by the general term “electromagnetic machines". 

Machines working on the principle of a mechanical change of an electric 
field (Maxwell's first equation) are not nearly so widely used; they are known as 
electrostatic machines. These machines are used for obtaining high and very high 
voltages for research purposes. 

For a lone; time electrostatic machines did not find practical uses. The suc- 
* Elektrichestvo No.7, 11 — 14, 1957 [Reprint Order No.EL33]. 

f All equations are given in terms of the absolute practical rationalized system of units. 
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cesses in the development of the electromagnetic machines relegated the electro- 
static machines to the background. The development of electrostatic machines 
was also hampered by the absence of a satisfactory theory, since attempts at 
providing such a theory were based on the electrostatic theory. The electrostatic 
machine is a converter of one form of energy into another and to apply to it the 
laws of electrostatics is useless since the electrostatic field is characterized by 
the fact that energy conversion is impossible in it. 

The electrostatic machine has a number of valuable characteristics. Electro- 

a 

magnetic d.c. machines for voltages over 15 kV are very difficult tcrproduce. 
However, electrostatic machines of much simpler design for voltages of 5 to 5000 
kV and more can be built. Their ratings can reach several hundred MW at a very 
high efficiency. 

Soviet scientists have made important contributions to the research on elec¬ 
trostatic machines. A.F. Ioffe and V.M. Gokhberg developed a lucid theory of the 
electrostatic generator and designed a number of interesting electrostatic machines 
which found practical application [1]. 

A.E. Kaplyanskii presented in 1938 a general analytical theory of electromag¬ 
netic and electrostatic machines based on suggestions by Olendorf. 

In his paper [2] on a general theory of electric machines A.E. Kaplyanskii 
started from the equations of Lagrange and proved that the conversion of mechani¬ 
cal into electrical energy and vice versa is only possible by variable inductances 
or capacitances. 

The purpose of the present article is to obtain a fundamental law, the law of 
induction for the electrostatic machine, on the basis of an analysis of the opera¬ 
tion of an existing type of such a machine. 

Maxwell’s first equation must obviously be a generalization of this law. 

Operating principle and the working cycle of electrostatic machines 

Nearly all modern electrostatic machines work on the principle suggested by 
Topier [3]. Let us consider the operation of the simplest electrostatic machine 
with independent excitation (Fig.l). 

The electrostatic machine works on the principle of varying (by rotation of 
the rotor) capacitances, its main elements are therefore the electrodes 1 and 2 of 
the stator and the rotor, forming the variable capacitance of the machine. It is 
possible to design the rotor and the stator electrodes i.e., the active surfaces of 
the machine, in the form of cylinders, discs or rods [4]. 

The commutators 3 and 4 are on the rotor shaft with the adjacent brushes 5 
and 6. 

The voltage — U 1 is applied to the rotor for the excitation of the machine. 
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A.F. Ioffe recommended a working cycle for the electrostatic machine in the 
co-ordinates C, U or Q, V. Such a cycle is similar to the cycle of the ideal four- 
stroke steam engine. 

The co-ordinate system C, V (Fig.2) provides a clear representation of fche 
potential variations of the conductor system representing the electrostatic machine 
during the variation of its capacitance. 



FIG.l. Basic circuit diagram of FIG.2. Working cycle of the elec- 

an electrostatic machine with trostatic machine in the C, U cot 

independent excitation. ordinate system. 

1 and 2 stator and rotor elec¬ 


trodes respectively, 3 and 4 
commutators, 5 and 6 brushes, 
7 load. 


The co-ordinates Q, 1) (Fig.3) enable 
the variations of the magnitude of the 
charges in the system to be represented 


in relation to the capacitance of the system. 


In the position of the rotor of the machine shown in Fig.l the capacitance of 
the system stator-rotor has its maximum, viz. C x . The potential of the rotor is - 

Vt and the potential of the stator i/ 0 . As a 
result of the electrostatic induction the charge 
q x appears on the stator surface, equal in mag¬ 
nitude to the charge on the rotor surface but 
opposite in sign. To this position of the 
machine correspond the points A and A' res¬ 
pectively, of the representations in the C, V 
and Q, U co-ordinates (Fig.2 and 3). Point A 
determines the value for the stator surface and 
point A ' the corresponding value for the rotor 
surface. 

FIG.3. Working cycle of the 

electrostatic machine in the Q, Rotation of the rotor in a clockwise direction 

U co-ordinate system. alters the capacitance of the system. Since 
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the brushes 5 and-6 are insulated the potential of the stator will rise. During 
this process the charges on the stator and the rotor remain unchanged, viz. 
equal to C.V to which the part AB of the cycle in the co-ordinates Q, V corres¬ 
ponds^ The voltage and capacitance vary, therefore, according to a rectangular 
hyperbola. 

During a % revolution of the rotor the capacitance of the system decreases 
to 



and the potential of the system rises to the value 

U — Si — _ 9/7 

U2 ~C 2 ~ C t — ZU b 

corresponding to point B of the operating cycle of the machine. 

When the rotor continues its revolution, the stator electrode, whose potential 
is now U 2 , is connected through the brush 6 and the commutator 4 to the h.v. 
terminal. When the capacitance decreases to its minimum value C 3 , the charge 
decreases to 


Q \ Q 2 - (£>2 £ 3 ) &2 

(point C). 

The stator is then disconnected from the terminal. The capacitance of the 
system with unchanged charge q 2 increases to the value C 4 , and simultaneously 
the potential drops to the value U 0 (point D). 

During the last part of the operating cycle of the machine, (section DA) while 
the capacitance increases from C 4 to C l9 a charge equal to q 1 — q 2 is absorbed 
from the low voltage source. 

During a full working cycle a charge equal to q x — q 2 passes therefore from 
the source at potential U 0 to the h.v. electrode at potential U 2 . 

The mechanical energy required for the transfer of charges from the equi- 
potential surface U 0 to the surface U 2 is given by 

W=( qi -q 2 ) (U 2 -U 0 ). 

The electrostatic machine is reversible and the whole cycle can be carried 
out in the reverse direction. In this case the h.v. source gives off its charge and 
the low voltage terminal receives it. The difference of the energy values of the 
h.v. and the l.v, sources is converted into mechanical energy. 

We have considered the operating cycle of an ideal electrostatic machine. In 
an actual machine it is necessary to consider the losses determined by friction, 
ohmic and dielectric losses in the conductors and insulators respectively, etc. 

The magnitude of the maximum voltage V max developed by the generator 
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(point E, Fig.2) is determined by the minimum possible capacitance C 3 , while the 
system is disconnected from the high voltage terminal from the condition: 

C l U i = C s U max —const. 


The current at maximum voltage is zero because then C 2 = C 3 , whence 

q l -q = (C 2 -C 3 )U 2 = Q. 

Thus, E mSLX i s the no-load voltage of the machine. 

According t6 the general theory of electric machines, the equations determin¬ 
ing the electrical condition of the machine are the voltage equations for machines 
based on the principle of electromagnetic induction, and the current equations for 
electrostatic machines. If the internal losses of the electrostatic generator are 
neglected, a current is induced in it. Its voltage depends on the load. 

Thus, if after one cycle of the electrostatic machine the charge delivered at 
the high voltage terminal is, a charge equal to nq will have been delivered 
after q revolutions per 1 second. The load current is calculated from the equation 

i nq z=z (C,% Cq) ti • U (4) 

When U 2 and the speed remain constant, the tenerator will supply a mean cur¬ 
rent of constant magnitude. 


machine 


Equation (4) can be simplified by putting C 3 = 0 which is the case in an ideal 


i — C 0 -n-Un. 


(5) 


The induction law for the electrostatic machine 

Equations (4) and (5) yield the mean value of the current induced by the elec¬ 
trostatic machine. To obtain the instantaneous value of the current, it is necessary 
to separate section BC from the working cycle (Fig.2) since the current flows into 
the external circuit load only at this instant. During this part of the working cycle 
of the machine the instantaneous value of the current is determined by the equation 


or in the general case, 



dC 

dt 


> 


i = (6) 

which has also to be used as a basis for deriving the induction law for the electro¬ 
static machine. 


The working capacitance of the machine is determined by its geometric dimen¬ 
sions and by the value of the dielectric constant, 6£ 0 »of the insulation which fills 
the gap, 3 ,of the machine: 
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a> (Xb 


o 


where 5 « a.A6 is the overlap area of stator and rotor electrodes, 

a the linear extension of the electrode at right angles to the direction of 
rotation, 

A b the increment of the linear extension of the electrodes in the direction 
of rotation. 

Substituting the value of C in (6) we obtain: 

• j j dC ___ £s qU ^ d ( kb) 

u dt~~ a ~dT~ 


or 


et 0 U M db 
8 a ~df 


(7) 


Equation (7) can be considerably simplified and put into a form analogous to 
the electromagnetic induction law, viz. 

i = D-a,'V, ( 8 ) 

where D = ee 0 E - ~~~ is the electric displacement (induction) in the working 


v 


g a P °f the machine; 

“ 7 — the linear velocity of the rotor electrode. 
dt 7 


Equation (8) represents the induction law for the electrostatic machine. 

The similarity of the law of the electromagnetic induction (3) and the induc¬ 
tion law for the electrostatic machine (8), is not incidental since, similarly to 
Maxwell’s first and second equation, they express the same physical electromag¬ 
netic process of the field in which the forces of electric and magnetic nature 
appear. 

When the overlap of the stator by the rotor electrodes varies by the amount 

ds ~ a db 

the corresponding change of the flux of the electric displacement vector N is 

dN ~ D ds - D a db. 

In unit time the flux of the electric displacement vector varies by 


dN 

dt 


D. 


a 


db 

dt 


D.a.v. 


(9) 


Comparison of equations (8) and (9) yields a new expression of the induction 
law for the electrostatic machine 

. dN 


dt ’ 


( 10 ) 
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i.e. the current induced in the machine equals the rate of change of the flux of the 
electric displacement vector in the working gap of the machine. 

Equation (10) is easily related to Max we IPs first equation (1). Therefore 
MaxwelPs first equation is the most general expression of the induction law 
(current induction) for the electrostatic machine. 


in the general case, when the electrode-conductor has an arbitrary shape and 
moves in a non-uniform electric field we can write the expression for an infinitely 
small current di induced on the part da of the electrode surface. Let da he a vec- 
tor at right angles to the conductor axis in the direction defined as positive and 
of magnitude equal to the width of the surface considered. If the velocity vector 
makes an angle a with vector a (Fig.4), the area traced out by the conductor sec¬ 
tion da during the time dt is ds ~ v dt da sin a. 


ds-[cfao]dt 



FIG. 4. 


Representing this area by the vector ds in a 
direction perpendicular to it, we can write 

ds = [da v dt] = [da tJ] dt, 

where [da v ] is the vector product of da and v. 

The flux of electric displacement 

dN = D . ds~ = D [da. v ] dt, 

incident on this area induces in the segment da 
during the movement of the conductor in time dt 
the current 

dN - r 

dl = 77 - D ^ da «>]• ( 11 ) 


Assuming as positive direction of the vector of the electric induction that 
pointing towards the surface of the conductor, the direction of the induced current 
in the conductor coincides with the direction of the change of the electric field 
with respect to the conductor. 


The current in the external circuit of the machine is set up as a result of the 
displacement of the stator charge during the decrease of the capacitance of the 
stator-rotor system; for this reason it makes no sense to ascribe a certain direction 
to the current in the stator electrode of such a machine. 


Conclusions 

The electrostatic machine considered, with a working cycle similar to that of 
a steam engine clearly illustrates the present state of the development of the 
theory of these machines. Only a small part of the working cycle is used for 
generating electric current, the rest being taken up by preparatory operations. 

Further developments of the theory of electrostatic machines should lead to the 
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production «of new and improved designs of such machines, to be used not only in 
physical research laboratories but also for industrial purposes, particularly in the 
field of long-distance d.c. power transmission. 

Definition of symbols 

S vector of the magnetic flux density; 

D vector of the electric displacement; 

E_ vector of the electric field strength; 

H vector of the magnetic field strength; 

W energy; 
v velocity vector; 
y conductivity. 
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GENERALIZED METHOD OF INVESTIGATING THE TRANSIENT 
PROCESSES IN ELECTRIC DRIVE SYSTEMS* 

D.P. MOROZOV and YU.A. BORTSOV 
(Received 28 November 1956) 

The investigation of the transient processes in various and complicated systems of 
electric drives enables the optimum operating conditions of the driven mechanisms 
as regards the economy and output to be selected. To reduce the differential equa¬ 
tions of these processes for circuits with rigid and flexible closed loops is a dif¬ 
ficult task which often confronts the designer. It is particularly so where the 
general differential equation of the transient process of an electric drive has to be 
written down for different initial conditions. For example, starting, reversal and 
braking of a motor at a steady speed take place with what is known as “natural* 
initial conditions. In this case only the initial values of the variable and of one 
or two of its higher derivatives cannot be zero. However, when the value of a 
disturbing effect or of any circuit parameter varies at a time at which the system 
was still in a transient state, all the initial conditions will differ from zero. Ex¬ 
amples are to be found in braking before the speed is steady, or the action of 
“cut-offs”, etc. 

We will make a few preliminary remarks, viz, 

1) The coupling coefficient between control windings placed on a common 
core in an electric machine is according to experimental findings considerable, 
viz. of the order 0.85-0.9. The resultant flux then varies with a time constant ap¬ 
proximately equal to the sum of the time constants of all the control windings. 

2) In an amplidyne the time constant of the first stage may be comparable to 
the time constant of its short-circuited circuit. It is, therefore, necessary to 
consider the parameters of both stages of the amplifier in writing down the dif¬ 
ferential equation. 

3) In setting up the basic equations it is not necessary to use the coefficients 
of mutual inductance between the windings* The derivation becomes simpler and 
more lucid if the setting up of these equations is based on the resultant magnetic 

flux [ 1 and 2] . 

* 

* Elektrichestvo No. 7, 19-24, 1957 [Reprint Order No. EL 34]. 

164 



Transient processes in electric drive systems 


165 


4) In setting up the general differential equation of the system for various 
operating conditions it is recommended to use a method according to which 

a) all the variables are written in the form of an algebraic sum of the initial 
valu^of the given quantity obtaining at the end of the preceding state of operation, 
and the increment of this variable quantity during the new stage of the transient 
process. For example, speed and current of the motor are written as follows: 

tl = n o 4- n'; ia - I a o + i<Z > where n Q and I ao are speed and armature current of the 
motor, respectively, e.g., at a “cut-off*, and n ' and i' the increments after this 
instant; 

b) the equations of the preceding operating conditions are calculated from 
equations put together in a similar way. As a result, the system of differential 
equations for the deviations is obtained; this can then be solved with respect to 
the required variables (current, e.m.f., speed of the motor, etc.). 

The setting-up of the differential equations is based on operating conditions 
characterised by “natural* initial conditions, i.e. the conditions of “standstill*. 

In the general case they may also be non-zero, for example, for conditions of 
braking and reversal from steady conditions. This case is the simplest one. The 
circuit shown in Fig. 1 is used for a number of mechanisms in the metallurgical 
and mechanical industries. The desired voltage U is supplied by a potentiometer; 
all the control windings link with the total resultant flux 4> c . 

Parameters of the reprint winding: 
r 1 resistance; h x susceptance- 
w 1 number of turns; L x induc¬ 
tance; T 1 time constant; /3 pro¬ 
portionality factor between 
ampere-turns of control, winding 
and e.m.f. of the short-circuited 
circuit e s / l ; k x = w x f3 proportion¬ 
ality factor between control cur¬ 
rent and e.m.f. of the short- 

FIG. 1. Circuit generator-motor with negative rigid circuited circuit e $h; m i ~ 

feedbacks of generator voltage and motor current. zt^/3 /r x voltage amplification 

factor (gain). 

The parameters of the second and all the other windings are denoted similarly. 
Other symbols used: R a total resistance of the armature circuit generator-motor; 

6 - GD 2 R a / 375 c.c m electromechanical time constant. 

O Til 

Let us set up the equations for zero initial conditions, characterising no-load 
starting of the motor ( M c = 0)* In doing so, 

a) we neglect the leakage of all the magnetizing windings; 

b) we linearise the magnetization curves of all the machines; 
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c) we neglect the electromagnetic time constant of the main circuit; 

d) we do not consider the active resistance of the generator in setting up the 
fundamental equations of the feedback circuits. 


The equations are as follows: 


rr • 

U = i l r l -{- w j — ; 

d$ 


i',r 


2 


w 2 


dt 


( 1 ) 


( 2 ) 


• • • • 


a 


GD2 
375 c 


M 


dn 
dt * 


(3) 


From this system of equations we derive the general differential equation in¬ 
volving the current and the motor speed. Considering that d<& c /dt- \/k c , de 5 /j/di, 
(1) may be written for the first winding in the following form 



(4) 


Divining all the terms of (4) by r 1 and multiplying into <jj 1 j3 , and furthermore con¬ 
sidering that w\ (3/k c r 1 = L 1 /r 1 = 7\, we get 





For the circuit of winding 2 we get an analogous equation, viz, 


m^e , = i 2 ro 8 p — T 2 


de. 


sh 


dt * 



Let us note that the negative sign before the second term in (6) and (2) indi¬ 
cates that the e.m.f. induced in the winding 2 by the resultant flux 3> c sets up a 

current opposing the flux increase. Consequently, the e.m.f. in winding 2 coincides 
with the direction of e^(for rigid negative feedback). The same is the case in the 

negative current feedback loop. 

To complete the setting-up of the general equation it is convenient to cast it 
in operator form [3], viz. 

for the first control winding 

m { U ==i i w l f t ~ i r T l p3 ; (7) 

sh 
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for tbe second control winding 


2 C „-‘■2°"2H r 


m„e —urn. 

g 


*fov the third control winding 


m z i a R-~i ? w^~T z pe 


sh 


From (7) we Subtract (8) and (9) term by term and, considering that (i t w' 
igUJg — is “ /3 — @sh * we get 

~ m 2 7 g — m/ a R i 
e v ^- J r{T\ J rT2-\‘T z )p 


( 8 ) 


(9) 


( 10 ) 


a 


Furthermore, usiijig (1) - (3), we find successively e 4 , e g and, lastly, i a : 

m- [ m K m 4 §b a pU 

' (1 + t7p) (1 + T.p) (1 + r 4 p) (1 + 6p) + m 2 m m i (1 + Bp) ■+■ . (11) 


The speed of the motor is found from (3), viz.. 



m ] m K m 4 Utc e 

(1 +T & p)(l+T h p) (1 +r 4 p) (1+6j D)+m 2 fi^m^{U^p) p * 


( 12 ) 


We will show that (11) and (12) may also be used for considering the transient 
process on braking the motor from some steady speed n 0 . We will not only set up 
the equations for the same drive system, but also consider the initial conditions; 
as such we assume constant values of the fljixes (or currents) and e.m.f.’s which 
existed in the motor circuit when the motor operated at a steady speed. 


W7 . 

We get 


0 — (I ]Q -\-i 1 )r l -\-w l 


d (<*> c0 + $ c ) # 
dt 


(13) 


— (A>0 + h ) r 2 


w. 


d (4> c0 + ®c > 


dt 


(14) 



GD% d “4“ ft*) 
37571” Tt 

m 



The equations of the “statics*, characterizing the preceding process of braking 
conditions of the motor (E g0 = 7 ao r 2 , etc.) are subtracted from the corresponding 
equations of the system (13) - (15). Considering that all the differentials of the 
constant values d*$ c() /dt, dI shQ / dt.......dn Q /dt vanish, we get the following system 

of equations for the deviations of the variables: 
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0 = ( / io + *l )r x + 


(U I> 

Ht 


— 


w 


c 

2 


(16) 

in) 



GD 2 
375c ’ 

m 



Let us denote lf a r l = f/ 0 ; equation (16) is then written as follows: 

t j , d$>' c 

Uq~i x r, +®i- 5r . 

As a result we get the solution of the system of equations (16) - (18) with 
respect to i a '; 


(! + T C P) (1 + T h p) (1 -j- Tip) (1 + 6p)-h m 2 m^n± (1 + 6 p) + Rib^m^injnj) 


(19) 


sh 


In substituting the numerical values of the parameters into (19) we have to 
consider: 


a) that in the denominator the time constant of the variation of the direct-axis 
flux T c = 7\ + T 2 + T 3 assumes a new value, since the constant T x increases 
with decreasing resistance r x ; 

b) in the numerator the variation of r x during braking acts differently on U 0 
and . When r x increases, the leap in the effect of U 0 also becomes greater. 
Simultaneously, the second factor, viz. the voltage amplification factor de¬ 
creases in the same ratio. Thus, the value of the numerator as a whole remains 
unchanged. Only its sign changes, indicating that the armature current in the main 
machines has now the opposite direction to that during starting. 

This method may also be used in investigating processes such as the rever¬ 
sing of a motor from any steady speed to a given speed in the opposite direction 
and any other analogous cases characterised by “natural* initial conditions. 

It is more difficult to investigate processes with non-zero initial conditions 
throughout. Let us examine one of these cases. 

One of the frequently occurring operating conditions of motors driving certain 
mechanisms (operating train of a reversing rolling mill, traversing mechanism of 
the table of a planing machine, etc.) is the braking from an unsteady speed, taking 
place at an instant at which the running-up of the motor is not yet completed and 
the cutting-out of the reference input voltage or the change of its polarity has oc¬ 
curred. 

To set up the general differential equation of the current and the speed of a 
motor operating in a generator-motor system with closed loops (Fig. 1) we use the 
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system of equations (13) - (15). Each variable was written as a sum of the initial 
values and its deviations. However, allowance has now to be made for the fact 
that in all the circuits containing inductances the voltages (e.m.f.’s) applied are 
-balanced not only by the active voltage drops, but also by the self-induced e.m.f.’s. 

The solution of the simultaneous equations (13) - (15) with respect to i£ leads 
to the following expression: 


J __ % b aP K (£40 - Vi) (1 + T K p) (1 -)- T y p) + 

° U + VH> + r *P) x 


+ m « m i ( B v0 — 7 «o O+Tyg) — m K r n i E KQ ~m l m K m i E !0 — m 3 m K m 4 I a0 R { ] 
~ X(1 4- T 4 p) (1 -(- Bp) + m 2 m K m i ( 1 + 9 p) + 

• AiotO + T yp) ( ! + T K p){l + Tip) -f m 2 m K m 4 ] 


+ Ri b a® m 3 m K m iP 


( 20 ) 


Hence, by use of (15), transformed to the form T a - +J' = db a c e pn', we get 
the following expression for n ' 


n 


,_ J a0 + C 


TV 

* l 

a 


Qb a c eP 




a0 


a 


c eP ® b a c eP' 


( 21 ) 


It should be noted that (20) and (21), set up for the special case of braking 
from an unsteady speed, may be used as general differential equations of a typical 
control circuit with amplidynes and with current and voltage feedbacks. * It is pos¬ 
sible to get from them without derivation the equations describing any desired 
transient process such as starting, braking, reversal, etc. in circuits 

a) with negative or positive current and voltage feedbacks or only one of 
these); 

b) with “cut-off” of voltage, and current feedback; 

c) with separate current and voltage “cut-offs”; 

d) with current “cut-off” and voltage feedback; 

e) with an amplidyne working as generator in a generator-motor system; 

f) with an ordinary d.c. machine working as an exciter of a generator. 

From the general differential equation it is easy to obtain the equations for 
operating conditions with zero initial conditions, which were set up above for 

For this purpose it is only necessary to add the term m 1 m sh m 4 @kiP U in the numerator 
of (20); this expresses the presence of the reference quantity U at the input of the 1 con¬ 
trol system. 
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starting and braking from steady-speed operation; Cf. (11), (12) and (19*). The set¬ 
ting-up of the equation of the transient processes in circuits with “cut-offs® must 
be carried out by stages according to whether the circuit elements are connected 
up or not. The initial conditions have to be determined separately for each stageT 

Starting a motor in a generator-motor system with negative current 

feedback and voltage “cut-off® 

Let us set up the differential equation and represent the transient processes 
^ _ 

n (t) and i a (t) for the circuit of the drive shown in Fig. 2. In this case the whole 
starting period has to be divided into two stages. 

First stage, i.e. up to the establishment of the voltage feedback, when the op¬ 
posing voltage A U of the potentiometer is greater than the rising generator vol¬ 
tage e ; we have zero initial conditions, viz., E g0 = E 4Q = E s h 0 = 0, l a Q-l A o = 

I sho~ 0; there is no voltage feedback (m 2 = 0); the time constant of the first 
amplifier circuit T c -T x + T 3 ; the reference (input) voltage is £/.. 

Under these conditions we obtain from (20) and (21) 

- _ m^tn^bJV 

ta (1 + V) C 1 + r *p) (1 + T iP ) (1 + Op) + 

( 22 ) 

~i a _ _ 

n ~& b a c eP~ Qb aP ~ 

_ __ m d m^m K mJ) _ 

(1 + T y p) (1 + T K p) ( 1 - 1 - Tip) (1 + (Ip) + Rfi a bm 3 m K mip 

(23) 

The second stage, i.e. after the “cut-off” has begun to act, when e is greater than 
A U, and their difference (eg — A U) begins to supply the demagnetizing ampere- 
turns of the voltage feedback (winding 2). The initial conditions (E g q, E 40 ,...., 
I s ho)wiH be non-zero. When the effect of the “cut-off® begins, E g Q — A U = 0, 
and the term E g ^m 7L m s ^m A in (20) is zero; the time constant T c = T x + T a + T 3 ; 
the input voltage U remains as before. 

Under these conditions we get from (20) and (21) 


-7' 40 — I^4) (l + ^ h P) (^ + T C P) + 

t —. ———— 1 1 1 -* 1 . — .1 1 “ 1 — " . ■■ ■■ ■ 11 ■ urn I . . . mm ..... . m i —.. . MMinki 

^+T c p)(l + T sh p)X 

+ m,.m 4 (E k0 — r 0 Q (1 + Ty P ) + — 
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; — m K m 4 E sh0 ~ a 0 R t ] — 

tn^tn j ttij. (i -j- 9p)+ 
sn 

1 aolO- + ?yP) T K p) {\ +Tjp)-\- m i m K m i j 

+ ’ 

Jj,I __ 4o 4~ *a _ OT m t ' a | ^aO 

c e* b aP Qb aP '® b a c eP' 


(24) 

(25) 


Determination of the initial conditions. To determine the initial conditions it is 
necessary to know the values of the variables involved at t = t 0 , i.e. the time of 
the “cut-off”. This requires the functions e g (t), e A (t ) and e sll {t) to be calculated. 
We use the system of equations (1) - (3), thus, 


i'a (1 + 6 p) mitn^i U (1 -f-6p) _ 

Qb a p 6,(p) 

71=4f(>+r 4 /» = 


m, 


(1 +T 4 p) 


m i m S h u ^ + t *p) (' + 9 j°) 


8 i (p) 



(i 4 -t kP ) 


m \LJ (1 + T h p) (1 + T iP ) (1 + e p) 


01 0>) 


(26) 


(27) 

(28) 


where 6 1 (p) is the characteristic equation of the system during the first stage of 
the start. 



FIG. 2. Generator-motor system with negative current feedback and voltage “cut-off”. 
The variation of the individual variables in a closed automatic control system 
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follows the same characteristic equation. This fact also exists in the case con- 
sidered, and simplifies the calculation of the roots on determining the initial con¬ 
ditions. 

We find the initial conditions from (26) - (28) for t = 0, viz.. 



Example . It is required to determine the transient speed and current processes on 
starting a roll-train driving motor in a generator-motor system with negative feed¬ 
back and voltage “cut-ofP (Fig. 2). 

Data of the electric machines: two series-connected separately-excited motors 

of type MP - 82, P n - 100 kW, V n = 220 V, n n = 475 rev/min., J n - 500 A; gener¬ 
ator rating P n = 320 kW, U n = 460 V, n n = 485 rev/min; I R =700 A; amplidyne rat¬ 
ing P - 4.5 kW, U = 230 V, n ~ 2935 rev/min, / = 19.6 A, I , = 5.9 A, r , = 

n ti rt j% s h sri 

o.85 n. 

The basic data of the static calculation are collected in the table. 

We will assume that the static torque, only due to the friction losses, is zero, 
this being a characteristic feature of the drive of a rolling train and enabling 
equations (22) - (25) to be used without any change. 

First stage . T c - T x + T 3 = 0.0214 + 0.0143 = 0.0357 sec; m 2 = 0. 

Substituting the values of the parameters into (23) we get: 

1 010 

n ^p (0,00092/?* + 0,0417p 3 + 0,5\p 2 + 3,37^ + l) 358 

__ A[p) 

“ pB (p) • 

The roots of the characteristic equation: p 1 ~ -0.305; p 2 = -30.5;p 3 , 4 = -7.25 ± 
7*8.04. 

Using a well-known expansion theorem, we find the original, viz., 
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Considering that i a - GD 2 /375c m x dn/dt, we find the expression for the cur¬ 
rent during the first stage of starting, viz., 

i ( t) *** 885e~ 0 ' 305zf — 260 e ~ 30 ’ 5 * —5335 ~ 7t25t cos 8,04* — 

— 1 280a“ 7 ’ 25 * sin 8,04*. 


The expressions n(t) and i(t) are represented in Fig. 3. 

Deterruination of the initial conditions , We will assume that the “cut-off” becomes 
effective at the motor speed n = 0.8^ = 380 rev/min., this corresponding to the 
time t = t 0 = 1.78 sec, when the current I a Q~ 520 A, and the generator e.m.f. 

E g0 -1 a0 R a -f- c q n,Q ~ 365 V. To solve the equation for the start at the second 

stage, it i s still necessary to know the initial values of E aQ and E s ^q. Their deter¬ 
mination is carried out by finding the originals of expressions (27) and (28). For 
t = * 0 = 1.78 sec, E a0 - 161 V, E $h0 = 3.6 V. 



FIG. 3. Curves of the transient process on starting the 
motor in a generator-motor system with current feedback 

and voltage “cut-off*. 

From (30) we get 

7 4 o = E^/m A r A = 365/3.83 x 6 = 16 A, 

1 shO =E ^ /m sh r sh =3 - 95 A * 
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Second stage . We use (24) End substitute the numerical values of the parameters 
into it. We consider also the value T c = T x + T 2 + T 3 = 0.0477 sec. 

The solution of this equation furnishes an expression for the current of the 
motor during the second stage of the start, viz., 

l a (0 = ! ao + i'a (0 = 489e~ 2 ' 3 ' -f 30.8e~ 3K3/ _ 

- 1 Q.7e- 5 ^ cos 7.54f 4 6.2e~ 5 * st sin 7.54 1. 


n(t) can also he obtained by graphical integration of the curve of i a (t) (Fig. 3). 

It is possible to draw some conclusions as to the nature of the circuit and the 
correct values of the parameters from the plotted curves of current and speed of the 
motor. For example, the duration of the transient process is, without any doubt, ex¬ 
cessively long. To obviate this shortcoming, the forcing must be Considerably in¬ 
creased and the voltage amplification and other parameters of the control circuit 
altered accordingly. It is advisable to use separate current and voltage “cut-offs” 
instead of the basic circuit considered. 

The method discussed was investigated experimentally on several variants of 
the control circuit. Comparison of the theoretical and experimental results revealed 
differences of the order of 10-20 per cent. 

Conclusions 

1. A method of setting up the differential equations of controlled electric 
drive circuits for operational conditions characterized by various initial conditions 
is presented. 

2. The differential equation is derived for a number of types of electric 
drives with rigid feedbacks and “cut-offs" of voltages and current. The equation is 
suitable for the case of a constant load at the motor shaft. 

3. It is proposed to extend the investigation to setting up the equations for 
circuits with flexible feedbacks. 


TABLE 1. 


rp ■ 

1 ime 

constants 

(sec) 

T 1 = 0.0214 

3", = 0.012 

T 3 = 0.0143 

T sh = 0.2 

T<= 1.5 

6 = 0.086 

Amplification 

factors 

m 1 = 0.0455 

m 2 ~ 0.0272 

m 3 = 0.24 

m sh “ ^ 

m 4 =3.83 

m q = 1.1 

Other 

parameters 

R a = 0.0396 Q 

b a = 25.2 

= 0.016 fi 

F = 110 V 

■ 

— 
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CORONA LOSSES ON LIVE TRANSMISSION LINES* 

V.D. KRAVCHENKO, V.I. LEVITOV and V.I. POPKOV 

0 

(Received 7 February 1957) 

The corona loss on an energized transmission line constitutes only a small fraction 
of the transmitted energy and is commensurable with or sometimes even smaller than 
the heat loss. Therefore, it is practically impossible to determine this loss by 
separating the current component which corresponds to the corona loss from the total 
line current as measured by conventional methods. 

The corona loss is due to the cross currents, that is, the currents that flow be¬ 
tween the conductors and between the conductors and earth. If it were possible to 
measure quantities which are proportional to these currents, or to their corresponding 
charges this would be the best solution of the problem of measuring the corona 
losses on energized lines. 

Fig. 1 shows an arrangement consisting of a single phase-conductor, 1, and an 
aerial, 2, which is earthed through a measuring element Z connected to the middle of 
the aerial. 

The e.m.f. induced electromagnetically in an aerial isolated from earth is so dis¬ 
tributed that it is zero at the middle of the aerial [l]. Therefore, if this point is 
earthed through a measuring element Z, no current can flow in the element owing to 
the magnetic field of the line. The current which flows in the element is determined 
only by the electrostatic coupling between the line and the aerial. 

The minimum height at which conductors are suspended on conventional lines 
is 7 — 8 m. At this height the space charge in the region G (Fig. 1) is distributed 
practically symmetrically with respect to the conductor axis, i.e. the space charge 
density depends only on the distance from the axis of the conductor of the element 
of charge considered. Consequently, the integrated electrostatic effect of the space 
charge on the aerial is the same as that of a linear charge of equal magnitude placed 
at the axis of the conductor. 

For sufficiently small values of the impedance Z the relation between the charge 
on the aerial and the total charge of the conductor is given by: 

a I2<7l 4 ” <*22*72 — 0 (1) 


* Elektrichestvo No. 7, 31 — 34, 1957 [Reprint Order No. EL 35]. 
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or 


?2 


a 


12 


a 22 


Qu 


( 2 ) 


1 r' 

where a [2 = -^^In --mutual potential coefficient of the aerial and conductor; 

^ i 2/i i c _ . • i i .i/.i •» „ . , 


22 


111 

0 ^L. 


2^^ "" a 


self potential coefficient of the aerial (oq is the radius of the 


aerial wire); Q\ === 9 C -total charge of conductor per unit length ( q c is the 

charge on conductor surface and q s is the integrated space charge); q 2 - charge per 
unit length of aerial. 

Thus, the charge on the aerial which is earthed at its middle point is proportion 
al to the total charge enclosed in the region G , i.e. is determined by both the charge 
on the conductor surface and the space charge due to corona. 
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FIG. 1. 


FIG. 2. 


Also, the coefficient of proportionality a x Jo. 12 is a constant quality depending only 
on geometrical dimensions of the conductor-aerial arrangement. These circumstances 
make it possible to use aerials for corona loss measurements. 

Three aerials are necessary for measurement on three-phase lines. Fig. 2 shows 
a possible arrangement of aerials placed directly under the three phase conductors. 
In this case the relation between the total charges on phase conductors qj$ and 
q q and the charges on earthed aerials q u q 2 and q 3 is given by the following system 
of equations: 


( a i9i "4“ a 2 c J t i 4" a 3?3) — a \ Qa "4" a n QQ + otju q c \ 
— (a 2 <7i + ai?2 + °-3Qz) — « u q A ■+ a i + « u <7 C '> 

~~ ( a 3<7i’+ a 2?2 + a i<73) — a m ( 7 / i + a n <7 B “1“ “i <7c> 
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where cl 1 — a xl — a 22 = cl 33 ‘, 0.2— &12 — &21 — #23 — 2? ^3 — &13 — cz 31 ; oq = cti^ ~Q-ig = 

ctn = a ig = = « 3 g = a 2/ ^; a llx = ai^ = a 3 ^ are self and mutual potential coefficients 

determined from the geometrical dimensions. 

By solving the system of equations (3) with respect to conductor charges q^, 
and we get 

Qa — A \ 9i + 4 ?24 ^3 <7 3 *. ) 

q B — Bj q x J r B 2 q 2 - (- B 3 q 3 , } (4) 

q c — Cj q x 4' C 2 q 2 -f- C 3 ' q 3 . ) 


The coefficients A S h and 0 'i are composed of potential coefficients a . which 
appear in (3). For example, 


( 3 ) 


4' 


4 ?. /| '_ ^3 

j \ » ^3 - 


where A = a } ( a 2 - 2 ' n 2 


c? m ) — 2a n (<Xj — <7 n] ) -the determinant of the system of equations 

4“- 


a i ( a f — a n) + — a n a m) 


a 3 ( a fi — a i « m ); 


A 


a 2 (a 2 — afi) + a x (a { a n — a n a m ) 


-°2 («fr — 



a 3 ( a i — a n) + a 2 («i a ii 




It follows from (4) that the sum of the products of charges on the three aerials, 
<?2 and q 3 , into their corresponding coefficients A B'■ and C'* give the total 
charges on the phase conductors, q^, q% and q c . 


Either capacitors or resistors can be used as the measuring elements. In the 
first case, the voltages across the elements are proportional to the total charges of 
phase conductors and in the second case, to their time derivatives, that is to the 
cross-currents of the line. However, it is preferable to choose capacitors since in 

this case the measurement will be practically unaffected by the possible h.f. pick¬ 
ups of the aerial. 


The voltages on the measuring capacitors are given by: 

qd 

c 


U: 


where U £ - voltages on the aerials; q £ - charges per unit length of the aerials; 
l - lengths of aerials; C -measuring capacitances. 


(5) 


If follows from (5) that the input voltage to the measuring circuit depends not 
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only on the coefficients (which are determined by the geometry of the conductor- 
aerial arrangement) out also on the lengths of aerials and on the values of the me 
measuring capacitors. The choice of the ratio 1/c is governed by the magnitude of 
^the voltage required at the input to the measuring circuit, i.e. it depends on the 
sensitivity of the measuring device. 

The length of the aerial should be such that the part of the conductor catenary 
which is above the aerial can be taken as being parallel to the ground.* For example, 
for 220 and 400 kV lines with spans of 450 m this condition is satisfied by an aerial 
50 m long placed at mid-span. With this aerial suspended at a height of 0.5 m and 

with measuring capacitances of the order of 0.1 gF the voltage on the aerial is about 
8 to 15 volts. 

From the above, a block circuit diagram may be drawn for a device for measuring 
the corona loss on energized lines. Such a diagram is shown in Fig. 3; A, S and C 
are line conductors; 1, 2 and 3 aerials; C u measuring capacitances; 1 A, IB and 1C 
voltage transformers or voltage dividers; 




FIG. 3. 


XI 

6 



2 A, 2 B and 2 C are elements multiplying 
the voltages corresponding to aerial 
charges q x , q 2 and q 3 by their corresponding 
coefficients A B• and C'-; 3 A is an ele¬ 
ment carrying out the summation of the 
above products. \s a result of this summa¬ 
tion we get a voltage (or current) out put 
proportional to the total charge of phase 
conductor A; 4A is a wattmeter of some 
sort. 

To increase the accuracy of corona loss 
measurements, particularly at small values 
of loss, it may be necessary to compensate 
for the reactive component of the charge q^. 


* In general this condition is not essential, since the effect of the caternary can be taken into 
account, when calculating potential coefficients. However, it simplifies calculation, if this 
condition is fulfilled. 
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Such a compensating voltage may be applied to the integrating element 3d bv a suit¬ 
able device indicated by 3 'X. 

For simplicity the measuring circuit is drawn for one phase only, the circuits 
for the remaining two phases are identical. 

The assumption made above about the symmetrical distribution of the space 
charge due to corona with respect to the conductor axis was varified experimentally 
in the laboratory. \ three-phase transmission line model having the following 
dimensions was set-up: viz. line length - 14.5m; height of conductor suspension 
2m; interphase clearances - 1.3rn; diameter of polished steel conductors - 1mm. 

As aerials copper conductors of 0.83'mm dia, having the same length as the model 
line were used. One aerial was placed under each phase conductor at a height of 
0.27m above the ground and was earthed through a capacitor. The voltages on the 
capacitors which are proportional to the charges on the respective aerials were app¬ 
lied in turn (using a special synchronizing device) to the deflecting plates of the 
CRO and photographed on the same plate. Each oscillogram contains therefore three 
voltage records. A sample oscillogram obtained with a phase-to-earth voltage of 
U ~ 64 kV ma% is shown in Fig. 4. 

It is seen from this oscillogram that the curves of the charges on the aerials 
are irregular and differ from each other. The amplitudes of the charges on the ex¬ 
ternal aerials are approximately the same, but the amplitude of the charge on the 
middle aerial is about one-half of that of each of the outer aerials. By multiplying 
the ordinates of the curves by their respective coefficients A R \ and C\ , and 
adding, we get curves corresponding to equations (4) which are shown on Fig. 5. 

It follows from the above that the curves of F"ig. 5 should be identical with the 
curves of the total charges of the experimental conductors in corona conditions, To 
compare these two sets of curves, an oscillographic record of the volt-coulomb 
characteristic was obtained for each of the three line conductors. The recording cir¬ 
cuit for one phase only is shown in Fig. 6. In this figure the voltage across the 
capacitor Cq , which is proportional to the total conductor charge, was applied to one 
pair of deflecting plates of the CRO and the voltage across one arm (C x ) of the 
capacitance potential divider which is proportional to the voltage of the h.v. trans¬ 
former T, was applied to the other pair of deflecting plates of the CRO. 

With such a circuit the trace on the CRO screen has the form of a closed loop 
which is known as the volt-coulomb characteristic. The area enclosed by the loop 
is proportional to the energy loss due to corona for one cycle of the alternating vol¬ 
tage [2]. 

The volt-coulomb characteristics obtained for the conductors of the experimen¬ 
tal line by direct measurement at a phase-to-earth voltage of Uph = kV ma% are shown 
in Fig. 7 (curves drawn in continuous lines). The curves drawn in broken lines re¬ 
present volt-coulomb characteristics constructed from the data obtained from the 
aerial measurements (the curves of F"ig. 5 and oscillograms of phase-to-earth volt¬ 
ages on the conductors recorded simultaneously with the records of the charges on 
the aerials), using the same voltage applied to the line. 



Corona losses on live transmission lines 


181 


A good measure of agreement is shown between the volt-coulomb characteristics 
obtained Ly the two methods considering the amount of error introduced by the inter¬ 
mediate calculations and constructions in deriving the final curve from the experimen¬ 
tal data. The two sets of characteristics agree well as regards the amplitude of the 



FIG. 6. 

charge, the shape of the curve, and the area 
enclosed by the curve (the last factor being 
of importance from the point of view of corona 
loss measurement by means of aerials). 

The construction of total charge and volt- 
coulomb curves was performed for different 
phase voltages up to a value exceeding three 
times the critical corona inception voltage. 
In this way values of corona loss were ob¬ 
tained for the experimental line for a wide 
range of voltages. These losses are indicated 
by crosses on Fig. 8 on which are also 
plotted corona losses derived from the volt- 
coulomb characteristics obtained by direct 
measurement.lt is seen from this figure that 
the losses obtained by both methods are 
practically identical. 

Thus, experimental investigations confirm 
the possibility of measurement of corona loss 
on live lines by means of aerials and also of 
verifying the correctness of the assumptions 
made. 

In conclusion it should be mentioned that 
apart from its application to corona loss 
measurement the method presented can also 
be used for investigating other problems; for 



FIG. 7. 



FIG. 8. 
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example, the distribution of losses along the conductor span, the measurement of 
charges, etc. 
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ANALYSIS OF THE STATIC STABILITY OF COMPLEX 
POWER SYSTEMS BY ELECTRONIC COMPUTERS* 

L.V. TSUKERNIK and N.A. KACHANOVA 

(Received 7 January 1957) 

In the lay-out of installations for the automatic control of the operating conditions 
of power systems, particularly having regard to their interconnection and the erec¬ 
tion of long-distance transmission systems, stability investigations have to be 
carded out very thoroughly; this refers particularly to the methods of preventing 
“hunting" under certain operating conditions of the system and as an effect of a 
possible variation of the system parameters. For such an analysis electronic 
computers can be used with great advantage. 

It is obvious that this has not to be understood in the sense of a preference of 
electronic digital computers to network analysers which are very suitable indeed 
for the solution of such problems. 

Principles of programming stability calculations 

The problem of analysing the steady-state stability of a complex, automatically 
regulated power system may be divided into the following main stages: 

1) Calculation of the coefficients of the characteristic equation of the system; 

2) Calculation of the stability criteria; 

3) Determination of the limits of the stability range in the space of the given 
parameters. 

The calculation of the coefficients of the characteristic equation is prepara¬ 
tory, but a very significant and a difficult part of the work. It is convenient to 
represent the equations of the disturbed movement of the power system in matrix 
form, after which it is easy to obtain an algorithm for programming. The elements 
of the initial matrices are determined directly from the data of the usual electrical 
calculation of the initial conditions of the power system and from the parameters 
of the machines and automatic regulators. 

The writing-down of the equations of the disturbed movement of the power 
* Elektrichestvo No.7, 39-45, 1957 [Reprint Order No.EL 36]. 
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system, the transformation into matrix form and the method of finding an algorithm 
for programming were described in detail in special papers [1 and 2]. We only 
note here that the programme of the calculations on an electronic digital computer 
comprises the development of the characteristic determinant, whose order eqipJLs. 
the number of stations in the equivalent circuit used and whose elements are 
operator polynominals with real coefficients. 

The calculation of the stability criteria will preferably follow a programme 
corresponding to Routh’s well-known algorithm [3] because having thus obtained 
a sequence (recurrence) of simple arithmatical operations remaining equal for 
characteristic equations of any order. In this respect stability criteria in the 
form of Hurwitz determinants [3] are less suitable for programming. 

However, in analysing the stability of systems with automatic regulation it is 
desirable not only to test the stability under given conditions but above all, to 
clarify the effect of various factors (the parameters of the automatic regulators, 
parameters of the main equipment, etc), for which it is necessary to determine the 
limits of the stability range in the space of the parameters of interest for the 
analysis. It is most convenient to use for the solution of this problem two-dimen¬ 
sional representation as functions of two selected parameters. Series of such 
diagrams obtained by varying the other parameters, the influence of which we want 
to investigate, may be collected to form an "album of stability ranges”. 

The determination of the limits of a stability range in the plane of the given 
parameters is programmed by using "logical” operations to be carried out on an 
electronic digital computer, with systematic use of the calculation of Routh’s 
criterion as a "sub-programme”. The scheme of the programme is as follows. 

We feed into the machine as initial data the coefficients of the characteristic 
equation, represented as function of two parameters, for example the coefficients 
of the regulation of the excitation of the generators of the power system. In the 
automatic mechanical calculation process these parameters are given successive 
number of numerical values with a fairly small numerical difference (step). For 
each pair of values Routh’s criterion is calculated continuously. Simultaneously 
the change of sign of Routh’s criterion is automatically checked. As a result we 
obtain from the machine pairs of values of the parameters varied for the beginning 
and end of the interval in which the criterion changes sign. These values are the 
limiting coordinates between which the required boundary or limit of the stability 
range exists. The determination of the distribution of the stability and instability 
ranges with respect to this limit is also carried out on the basis of the calcula¬ 
tions of Routh’s criterion mentioned above. 

This method of determining the limit of the stability range is much more con¬ 
venient for programming than the well-known method of D-resolution [3]. For a 
non-linear relation between the coefficients of the characteristic equation and the 
parameters in the plane of which the Z)-resolution is carried out, the use of the 
method of Z)-resolution meets, in some cases, very great difficulties. The 
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calculation of the points of the limit of the stability range in the plane of two 
parameters {k' and k") for one of the existing varients of the programme is made 
clear (Fig.l). We mark up first the extreme values of the parameters k' and k", 
*u^fc^Fminmg the sides of the rectangle ABCD inside which we require to find the 
limit of the stability range, in general, we have a fair idea of the sign and order 
of the quantity or of realisable values k a \ k^' and k^, k£ (Fig. 1); if not, they 
are marked arbitrarily. Also we consider possible limitations of the values k\ 
k , related to the condition that all the coefficients of the characteristic equation 
should be positive. The magnitude of the computing interval alon§ the axes k\ 
k" is then chosen. 

The calculation may be started 
at any point, e.g. at A. For this 
point the machine computes Roufch’s 
criterion storing (memorising) the 
result, without issuing (printing) it 
from the machine. Then a computing 
step is made in the direction of k\ 
Routes criterion computed again, 
and the result compared with the 
preceding one. If the sign of the 
criterion did not change a new com¬ 
puting step is made, etc., not if the 
sign of the criterion changed, i.e. if 
the limit of the stability range was 
over stepped, the machine prints the 
coordinates of the point considered 
{k\ k 0. This fixes point I (Fig.l). 

Hereafter, the machine begins to 
follow the limit automatically. For 
this purpose, it makes twice a com¬ 
puting step in the direction perpen¬ 
dicular to the previous one, and cal¬ 
culations of Routh’s criterion in the inverse direction of the original one, so long 
as the sign of the criterion changes. The coordinates of point 2 are then printed, 
this fixing the first interval 1 — 2 through which the required limit passes. The 
calculation then proceeds similarly. 

If the extreme values of A^are reached in the calculation without change of 
sign of Routh’s criterion, the machine begins to calculate again in the same direc¬ 
tion of k\ moving through the computing interval along the side AD of the rectangle 
(Fig.l). If the limit of the range is not found within the rectangle ABCD , the com¬ 
puting interval may be reduced sufficiently to verify whether or not the stability 
range may not be found within a rectangle with sides equal to the original comput¬ 
ing interval (for sake of clarity the computing interval was made very large in Fig.l). 



FIG.l. Scheme of the programme of tracing the 
boundary of the stability range (only the points 
indicated by the numbers in order are printed). 
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The described scheme of a ^tracking 55 programme was evolved by the Mathe¬ 
matical Institute of the USSR Academy of Science [ 4 ] for the purpose of providing 
a possibility of continuous outlining of the boundaries of a stability range of 
closed configuration. 

By grouping the parameters in the plane of which the limit of the stability 
range is tracked, in pairs, and also by successful variation of other initial data 
we can obtain the ^alburn of stability ranges 59 mentioned above. 


<r 

Calculation of the steady-state stability of a power system 

In 1954—1956 the Institute of Electrical Engineering and Mathematics of the 
Ukrainian Federal Republic Academy of Science carried out a number of calcula- 
lations of the stability and electro-mechanical transient process of the transmission 
system Kuibyshev GES — Moscow (on instructions of the technical administration 
of the Ministry of Po wer Stations) with an electronic computer. The present com¬ 
munication will give a brief outline of the content of the calculations of the steady- 
state stability*. 

Three types of automatic regulation of the excitation of the generators of the 
Kuibyshev GES were considered ( Cf ’ Appendix):- 

1) According to deviations of voltage and current and also according to the 
first and second derivatives of the current; 

2) According to deviations of voltage and current, and also to slip and 

acceleration relative to an axis rotating at the synchronous speed of normal oper¬ 
ation; 

3) According to deviations of voltage and current, viz. compounding (7/ = ()) 7 

and delaying electromagnetic voltage corrector (T (J = 3 sec), connected to the 
main or booster exciter. 


In considering the first type of regulation the time-lag of the generator ( Tg 0 = 
5.5 sec), of the booster exciter (T ex = 0.12 sec), the regulator ( T reg = 0.1 sec)' 
and the presence of a rigid negative feedback of the exciter voltage was considered 
in the structural diagram. This type of automatic excitation control corresponds 
basically to a strong-action regulator with which the majority of the generators of 
the Kuibyshev GES is to be provided. 

The second type of excitation control is analogous to the first and differs 
from the strong action 55 regulator responding to angle and first and second 


* All the calculations were carried out in relative units (U^ a6 . == 400 hV, p^ ~ 1150 MW 

time in radians). The computer calculates with six and prints the results in five signif 
cant digits. Consequently the accuracy of the calculation depends on the accuracy of 
the data fed to the computer. All the calculations on the computer were duplicated, cor 
trol variance being calculated after recording the programme. The programming of 
typical problems took about 10 —20 hr and the calculation of one curve 15 — 45 mins. 
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FIG.2. Stability ranges (P„ = 1.0). For ‘Tf* 1 ° f S enerators workin g itt ParalleL 

representations of the Kuibyshev GES *“ e s baoi 1 ity ranges for group regulation are 
by two equivalent generators (1) and shown in Fig. 3 a and 4 'a below. 


one tsvj U.A v a. id! k. ecuuaiui ygiuuu r-i . . . 

control) (2). ^ or aQ automatic control of the third type a 

stability range exists, as is shown in Fig. 2 
(curve 1). The same figure shows the stability range for group regulation (circuit 
2, curve 2). Point N corresponds to the normal setting of the regulator. A com¬ 
parison shows that group regulation increases the stability margin. The calcula¬ 
tions did not consider the mechanical damping of the machine and, consequently, 
the actual stability margin will be slightly larger. 

The margin of stability according to power transmitted was determined and 
the possibility of cumulative hunting in various loadings of the transmission 


equivalent generator (group 
control) (2). 
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system was considered.* 

For this purpose series of stab¬ 
ility ranges were calculated for 
automatic excitation control of the 
first and second types (group regu¬ 
lation according to current) and a 
variation of a power transmitted 
from 0 to 1.1 for the case that 
there is no series compensation and 
the transmitting capacity of the line 
(ideal power limit), 1.15. 

For comparison we entered in 
Fig.3 the results of the stability 
ranges in the plane of the coefficients 
of regulation according to slip and 
acceleration cc". The graph of 
Fig. 3 shows that in both cases the 
power transmitted may be raised to 
the value of the transmitted capa¬ 
city of the line, if the coefficients 
of the regulations are within the 
limits of the common stability 


FIG.3. Stability ranges (k ~ 0.2, b = 5.0). a) Auto¬ 
matic excitation control of first type; b) Automatic 
excitation control of second type; c) Graph of the 
variation of a 0 vs. P. 1 ~P 0 = 0; 2 -P 0 = 0.5; 

3 —P 0 = 1.0; 4—P 0 = 1.1 


ranges. 

We may suppose that for equal 
regulation coefficients (in relative 
units) the design parameters of 
regulators of the first and second 


types may be approximately equal. 
The difference will consist only in the input elements, viz. in the case of a regu¬ 
lator of the second type an angle-measuring element in a memory-element. We 
may, therefore, conclude that an automatic regulation of the second type has, 
according to the operating characteristics determined by the graphs of Fig.3 ad¬ 
vantages over a regulation of the first type because in the latter type the ranges of 
the permissible regulation coefficients are considerably increased. Also for load 
changes of the transmission systems the common part of the stability ranges for 
regulation by slip and acceleration becomes greater than for regulation according 
to derivatives of the current; for example, Fig.3 shows that in the first case for 
the transition from P 0 =• 1.0 to P 0 1.1 the common part of the stability range 4 


* ^he calculation relating to the measures to be taken to prevent self-excitation and cumu¬ 
lative hunting on no-load and at small loads of the transmission system are not included 
in the present, because they are not essential where two limiting power transmitted is 
concerned and mostly to be carried out by simpler methods. 
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amounts to about 95 per cent of 
range 3 ? but in the second only to 
about 70 per cent. 

From the position of the origin of 
the coordinates relative to the 
stability ranges (Fig.3) we may 
draw the conclusion that P 0 > 0.4 
and in regulation without derivates 
of the operational parameters no 
stability can be achieved. 

The possibility of cumulative 
hunting subsequent to alteration of 
the circuit of the transmission sys¬ 
tem was assessed. Fig. 4 repre¬ 
sents the stability ranges for a 
double-circuit line, calculated for 
P 0 ~ 1.0 and the same types of auto¬ 
matic excitation control as the 
stability ranges in Fig.3. The 
curves 1 refer to the case where all 
the sections of both circuits are 
connected as well as series and 
parallel compensation gears, and the 
curves 2 to the case where the cir¬ 
cuit of the head section of the trans¬ 
mission and compensating gear are 
disconnected. In Fig.4 we see that 
with the regulation of the second 
type the coinciding part of the 
stability ranges is greater than for 
the regulation of the first type. 
Therefore, it is much easier to 
assure steady operation of the trans¬ 
mission system for possible changes 
in its circuits with regulation by slip and acceleration without readjustment of the 
regulation. This agrees very well with the results of tests ou the dynamic model 
of the Molotov Institute of Electrical Engineering [5]. 

The curves of Fig.4 also show that the stability ranges of the compensated 
line (curves 1) are under otherwise equal conditions much smaller than the 
stability ranges of the uncompensated line. This indicates that in the presence of 
compensation the danger of cumulative hunting is greater. This fact must be con¬ 
sidered in a project design and an actual operation. 



FIG.4. Stability ranges of: double-oircuit 
transmission system (P 0 = 1.0; k = 0.2; 

b = 25.0). a) Automatic control of the first 
type: b) Automatic control of the second type. 
I — All the sections of both circuits of the 
line and series and parallel compensation 
gears are connected; 2 — One circuit of the 
head section of the line and parallel compensa¬ 
tion gears are connected. 
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figurations, we most extend our analysis to the character of the variation of the 
absolute term Oo#of the characteristic equation of the system (Fig-3 c) or else 
compare the values of the transmitting capacity of the line. 


The analysis of the effect of the coefficient of the regulation according to the 
voltage and current deviations on the stability when “strong-action’ 5 ’ is used, was 
carried out hy direct comparison of a series of calculations, as shown, e.g. in 
Fig.5. We conclude that a variation of the coefficient k within wide limits has but 
a small influence on the stability ranges in the plane of A/and k" (Fig.5 a) where¬ 
as a variation of the coefficient b has a more marked effect (Fig.5 b). If we bear 
in mind that a minor instability of the coefficients k and b is still possible after 
the adjustment of the regulator, there is no reason to assume that this instability 
may lead to hunting of the system. A simultaneous increase of the coefficients k 
and b (Fig.5 c) will slightly reduce the variation of the stability range due to an 
increase of the coefficient b only. 



FIG.5. Stability ranges (P 0 = 1.1). a ) When coeffi¬ 
cient of regulation varies with the current (6 = 5)i 
1 — & = 0.1; 2 - £ = 0.2; 3 - £ = 0.6; 4 -k =1.0. 

b) When coefficient of regulation varies with the volt¬ 
age (£ = 0.2); 1—6 = 5; 2-6=10; 3-6=15; 

c) When coefficients k and b vary simultaneously: 

l ~ k — 0.2, 6=5; 2—£=1.0, 6=2.5. 


An increase of the coeffic¬ 
ients k and b entails an in¬ 
crease of the absolute term 
of the characteristic equation 
and, consequently, an in¬ 
crease of the margin of 
stability with respect to the 
aperiodic limit. 

The stability ranges in the 
plane of the coefficients of 
regulation according to devia¬ 
tions of voltage and current, 
were calculated, e.g. for £'= 
var and k*~ const, as shown in 
Fig.6. Two straight lines 
correspond to each of the 
ranges, viz. the line a 0 =/(&,£) 
= 6 and the line which with 
increasing k/ turns anti¬ 
clockwise from position 1 
into position 5; during this 
rotation the point of inter- 
























Analysis of the static stability of complex power systems 



FIG.6. Stability ranges (P 0 = 1.0, ft* = 0.75 x 10 5 ). 1 - k'= 0; 
2 _ft' = 0.4 x 10 s ; 3 -ft' = 0.75 x 10 s ; 4~^=1.6x itf; 

5 -ft' = 1.8 x 10?. 


section with the straight 
line Oq = 0 moves down¬ 
wards. 

For a clear demonstra¬ 
tion we entered in Fig.6 
the stability range in the 
plane of ft'and k" on a 
reduced scale (for ft = 10 
and ft = Cf.2), in which we 
indicated the intersection 
studied. Considering for 
example, point 5 near the 
limit of the stability 
range plotted in the plane 
of the parameters ft'-and 
ft* we find that on the 
graph plotted in the plane 
of the parameters b and ft 
the proximity of the limit 
of the stability range is 
not noticeable. This is 
as could be expected, for 
the reason that the stability 
ranges vary only slightly 
with a variation of the para¬ 
meters ft and ft within fairly 
wide limits (Fig. 5). 


We may, therefore, conclude that the fundamental analysis is better carried 
out by plotting the stability ranges in the plane of the parameters of regulation 

according to derivatives than in the plane of parameters of regulation according to 
deviations. 


Stability calculations were carried out for transmission systems with inter¬ 
mediate synchronous condenser, on the assumption that the synchronous condenser 
of 375 MV A rating is erected in the sectionalizing substation of the transmission 
system Kuibyshev GES - Moscow and that the line has no series compensation. 
When the excitation of the synchronous condenser was controlled by a regulator of 
the first type, no stability range was found even in the presence of a considerable 
mechanical damping torque (D = 2). With a regulation of the third type, supplemen¬ 
ted by regulation according to slip and acceleration, stability ranges were obtained 
(Fig.?) for three cases, viz. D « 0; 1; 2. The curves of Fig.7 show the favourable 
influence of the mechanical damping torque, which is often neglected in calcula¬ 
tions, in the stability. 
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FIG. 7 . Stability ranges for a transmission sys¬ 
tem with intermediate synchronous condenser: 
(P 0 = 1.0, k - 0.12, b = 25.0). Damping torque 
of condenser: 1 —D~ 2.0; 2 — Z) = 1.0; 3 —D= 0. 
Stability range bounded by each of the curves 

1,2 and 3. 


Direct comparison of the results 
of calculations of typicaFvariants 
enables us to examine the permissi¬ 
bility of some simplifications in the 
stability calculations. 

With automatic excitation control 
of the generator groups of the 
Kuibyshev GES we may neglect the 
salient-pole character of the genera¬ 
tors (Fig. 8 a). 

The replacement of the receiving 
system by infinitely powerful bus¬ 
bars does not alter the stability 
ranges substantially (within the 
range of positive values of the co¬ 
efficients of regulation according to 
derivatives) by comparison with its 
replacement by an equivalent power 
state and load (Fig.8 b). In all the 
cases investigated the stability 
ranges were inside those obtained 
for a system with fixed angle co¬ 
ordinates. That means that the fix¬ 
ing of the angles corresponds to 


necessary, but not sufficient, con¬ 
ditions of stability [l and 2]. These simplified calculations may sometimes by 
useful for preliminary assessment of the schemes (rectangle ABCD), and for the 
elimination of definitely unsatisfactory variants. In comparative calculations, we 
may neglect the time constant of the booster exciter. When the negative feedback 
of the exciter voltage is weakened in the calculations, we assumed a weakening 
by a factor (Fig.8). However, it should be borne in mind that for operating con¬ 
ditions near the limit of the stability range this simplification may introduce a con¬ 
siderable error whether by exaggerating or by unduly reducing the stability range 
(Fig.8 c). 


Appendix 

Generalised Structural Diagram of a Composite System Considering Automatic 
Excitation Control of the Synchronous Machines 

regu 

tion of voltage F v and according to deviation of current Fj [3]; 


The transmission functions: of the exciter F ex , of its feedback Pjrf )9 0 f the 
lation according to angle deviation Fg of the regulation according to devia- 
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FIG.8, Stability range (P 0 = 1.0, automatic control of the first type: k - 1.2; 6 = 5). 
a) 1-Considering the salient-pole generators of the Kuibyshev GES; 2 - Without con¬ 
sidering the salient-pole character, b) 1-At the end of the line busbars of infinite 
power; 2 — Receiving system represented by a load and an equivalent station for 
which E = const and M = °°. 3 —The receiving system is represented by a load and 
an equivalent station for which E' = const M ^ ©o. c) 1 — T ex =0.12 sec; 2 — T ex = 0. 


For automatic regulation of the excitation of the first type. 
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b 


1 + T 



Fj = k. 


For the synchronous machines, the number of which maybe in general n , we 
considered additionally to the equations of the electro-magnetic transient process 
in the field winding, represented in Fig.9, the equation of the mechanical move¬ 
ment, 

( Mp 2 + Dp) A 8 — — A p . 


The system connecting the synchronous machines is represented by self and 
mutual impedances. 



regulator 


FIG.9. Generalised structural diagram of 
a power system, considering the auto¬ 
matic excitation control of the synchron¬ 
ous machines. 
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A PRACTICAL METHOD FOR DESIGNING RELAYS 

WITH RECTIFIERS * 

G.G. GIMOYAN 

(Received 3 December 1956) 


Recent developments in relay engineering are characterized by rapid spreading of 
the use of semiconductor-type rectifiers in protection and automatic control systems 
Design and construction of relays so equipped are still complicated by the fact that 
they constitute non-linear dipoles for the a.c. circuit. For example, single-coil re¬ 
lays or relays with two magnetically decoupled relays (such as balance relays) are 
represented in Fig. 1; relays with two inductively coupled and mutually opposing 
coils in Fig. 5b. There are still other circuits which, however, will not be con¬ 
sidered in the present communication. 

An analytical determination of the relations of the electrical quantities at in¬ 
put and output of the rectifiers used in these circuits requires involved transcen¬ 
dental equations to be solved. For this reason it is preferable to represent them 
for practical calculations by linear dipoles (Fig. 7a), obeying Ohm’s law. 

The determination of the correction factors required for such a transformation 
is the object of the present paper. 

This determination is carried out by the method of linearization [l ]; assuming 

the voltage at the rectifier input as linear/ its current is resolved into harmonic 
components for each of which a separate equivalent circuit is drawn and the correc¬ 
tion factors are found. 

For practical calculations it is sufficient to consider the equivalent circuit 
for the first harmonic only, since the accuracy is sufficiently high and the error 
does not exceed 5-10 per cent [1-3]. 

* 

Operation of rectifiers with single-coil relays 

For ideal rectifier units and with an input voltage 

u ~ V 2 U x sin 0 
9 - cot 

* Elektrichestvo No. 7, 50 - 53, 1957 [ Reprint Order No. EL 37]. 

Structure and parameters of the equivalent circuit depend on whether the rectifier works 
in conditions of sinusoidal current or voltage. The operation of the circuits in Fig. 1 
and 4 b is considered only for sinusoidal voltage, because in relay circuits the resistance 

of the supply is assumed small [3], to reduce consumption and increase the sensitivity of 
the arrangement. 
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where U l is the effective value of the fundamental (there being no other harmonic 
in this case) of the rectifier input, co the angular frequency of the fundamental. 

The operation of the rectifier of the circuit of Fig. 1 may be in two different modes, 
•-for^each of which the relationships between the instantaneous values of currents 
and voltages are different. 

Since a capacitor is connected to 
the output of the rectifier, the recti¬ 
fied voltage never drops to zero 
owing to the charge of the capacitor. 
At the input side of the rectifier, how¬ 
ever, the voltage varies sinusoidally 
and during certain fractions of the 
period it becomes very small (when 
changing its direction). During these 
fractions of the period the following 
relations hold 

ud > \u\; i = 0; = 0 (2) 

where u , i and uj, itf are the instantaneous values of voltage and current at input 
and output of the rectifier. 

The mode of operation to which condition (2) applies is known in the literature 
as the K-state (in the absence of current) [1]. In this state the a.c. and d.c. circuits 
appear to be absolutely independent because they are separated by the rectifier 
bridge. According to the line-dia¬ 
gram of voltages and currents 
(Fig. 2) the circuit operates in 
the R -state when 

0 < 0 < Ox ; 

0 2 < 0 < 77 + d x ; ( 3 ) 

rr + d 2 < 6 < 2 tt 

When the absolute instantan¬ 
eous value of the voltage at the 
rectifier input has reached the 
value of output voltage, the recti¬ 
fier begins to conduct, this state 
being known in the literature as 
A-state, instead of the R- state. 

In the A-state the following identities apply : 

u d = M; l d = M- (4) 

The fractions of the period during which the rectifier operates in the A-state 
correspond to the time intervals 

0i < d < 0 2 ; 77 + Q x < 6 < 77 + 0 2 (5) 

The coefficients of equivalent conductance and susceptance are determined by 



o 2 ft+8 2 


FIG. 2. Line diagrams of voltages and cur¬ 
rents at rectifier input ( u,i) and output 

(“<f> l d)- 



FIG. 1. Equivalent circuit or single-coil relay. 
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the formulae 

Yl - 

0 






i cos 


o 



The expressions under the integral sign in (6) and (7) are the instantaneous 
values of the input current of the rectifier, i, where the input voltage l) x is given. 
The relation between the given quantities depends on the circuit parameters. Owing 
to the large number of unknowns (R re l, L re i, C) it is difficult to determine this re¬ 
lationship by the usual methods of circuit theory. To facilitate the solution of this 
problem it is useful to carry it out at first for the boundary conditions R re l/ 

00 aii ^ R re i/<±)L re i = 0, and then to find the required solution by comparing the re¬ 
sults for the two limiting cases, so that we get an approximate solution for 
0 > R re l/coR re l. 


The operation of the rectifier of Fig. 1 in the limiting case R re l/coL re l 
analysed in [1 ]. 


IS 



FIG. 3, Values of coefficients determining 
mean value of rectified voltage. 


in the R - state 


1 dU d 

T • Id + !d 

c 


In the limiting case R re l/coL re l™ 0 
the steady-state current passing 
through the branch with resistance 
and inductance, practically re¬ 
mains constant during the period. 
Since under these conditions the 
current passing through the capaci¬ 
tive branch has no steady (d.c.) 
component, the current i £ is prac¬ 
tically equal to the mean value of 
the current at the rectifier output, 

/j. The instantaneous values of 
the output current of the rectifier 
are therefore determined by the 
following differential equations:- 



in the N - state 


l d 


1 

x. 


dUj \/2 Uicosd Uj 

+ Id - - v, - + 


dd 


x. 


Rrel 


The commutation angles 6 1 and <9 S and the coefficient of the constant voltage 
component may be found from (1), (8) and (9) as follows: 
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e 2 = cos -Hu d x c /y /2 u t R Tel )- 

sin 0! = sin 0 2 - (UdX c /^'2 U l R re i) (jt + 9 r - 0 2 ) 

a/2 

*d = Uj/U i -< cos — cos 0 2 + sin (rr + 0 2 — 0 2 ) 

7T 


( 10 ) 

(ii) 


Vd 


\J 2 U 1 Rrel 


X r (7T + ft) 2 - 0\ „ 

[ --- o 2 (77 + e 1 - e 2 )] i 


( 12 ) 


The quantities ft, ft and Xj as functions of the ratio X c /R re l are determined 
rapho-analytic solution of the last three equations [3], 

The coefficients of the equivalent conductance y, and susceptance /3 1? respec- 
y x are found from (6) and (7), when (9) is considered, thus, 


, lf \ / a a \ / Rrel cos 2 ft — cos 2 ft v _ 

yi = rUd(c 0S ft - cos e 2 ) + (—(-4--) ] ; 


7T 


X 


(13) 


/3r=-1 Arftsin 0 a - sin 6 t ) + J^L{6 2 -0 1 + ”1? ~ si ° 2 a j 

2 " (14) 


7T 



FIG. 4. Theoretical coefficients for the de¬ 
sign of automatic control and protection gear 
using single-coil relays. 

The relationships A d = f (X c /R re i); y 2 = / {X c /R rei ) and fa = f{X c /R rei ) for 
wo mentioned limiting cases are drawn in Fig. 3 and 4. The curves show that 
resence of the inductance affects the values of Arf, y 1 and fa at small values 
,/Rreb 
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Operation of rectifiers having relays with two coils 

We will consider the operation of rectifiers having a relay with two magnetic¬ 
ally coupled coils on the example of a distance relay for h.v. transmission lines 
[3], According to the diagram of Fig. 5a the operating {OP) and restraining (OTf~ 
coils of this relay are supplied by the rectifiers BP and BT, the input voltages of 
which are Up and Uj 1 , respectively. Considering that in any real relay the coupling 
coefficient of the coils varies, viz. 0 < M re i/L re i < 1 (where L re l and M re [ are self- 
and mutual-inductances of the relay winding), it will be convenient to examine the 
operation of the circuit of Fig. 5a for the two limiting cases, viz. 

Mrel/Lrel ~ 0 an d M re l/ L re l — 1. 

In the limiting case M re [/L re l = 0 each relay winding may be imitated by the 
circuit of Fig. 1 analysed above. 

In the limiting case M re [/L re l = 1 and under the condition that the ratio X c / 
R re l is such as to permit an operation of both rectifiers only in the A-state, the re¬ 
lay circuit may be represented by the linear four-terminal network of Fig. 5c, the 
input and output voltages of which are Up and Uf, respectively. 




FIG. 5. a) Basic circuit of a distance relay; b) Equivalent 
circuit of two-coil relays; c) Equivalent circuit of this re¬ 
lay for ideal magnetic coupling of the coils. 
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The calculation for such a four-terminal network is more conveniently carried 
out by the^method of superposition, i.e. by representing it in the form of two dipoles 
(Fig. 5b), the rectifiers* of which operate in the /V-state. 

If we take into account that in reality the inductive reactance of the relay 
windings is considerably larger than their resistance, it is fairly easy to find by 
Kirchhoff’s laws an expression for the output current of the rectifier [3]: 

id = V 2 Q/X c + V"2 £/i sin 6/2 R re [ + Ud/2R re i ( 15 ) 

The critical value of (X c /R re j) CT ii at which the rectifier operates in the /V-state, 
can be found from the last equation by the substitutions 

id = 0; 6 = 77 and V d/\f2 U 1 = 2/n ; 

Hence (X c /Rrel)crit> 


We note that in the limiting case M re l/L re i = 0, {X re i/R re j) cr i t > zr/2. 


The values of the equivalent coefficients 
X c /R re l for both limiting cases in Fig. 6. 


y x and /3i are plotted against 



FIG. 6. Design factors for automatic control 
and protective gear using two - coil relays. 

and compact construction. 


For the limiting case M re [/ 

L re l = 1 they were determined 
from (6), (7) and (15). 

The curves indicate that when 
the mutual inductance is con¬ 
sidered, the conductance is slight¬ 
ly reduced, whereas the suscept- 
ance remains unchanged. 

Appendix 

The design of protective and 
automatic control relays with semi¬ 
conductor rectifiers centres on the 
determination of the optimum cir¬ 
cuit parameters resulting in the 
maximum sensitivity and minimum 
power consumption of the relays, 
and also in their reliable operation 


It is clear that the purpose and the sequence of the calculations will differ ac¬ 
cording to the type and use of the relay [1-3]. We will solve, by way of example, 
the following problem. To find the parameters of the other circuit elements (rectifier, 
supply transformer, etc) when the relay parameters ( Pmean , RreL Imean) and the re¬ 
actance of the capacitive filter X c are given. 

* The rectifier of Fig. 5b may in general operate, analogously to the rectifier of Fig. 1, in 
the /?- and /V - states. We use the superposition method only when the iV- state exists. 
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1. As first approximation, viz. assuming ideal rectifier units according tt> the 
curves y l = f(R r el/^c) an( * /3 X = f{R r el/%c\ we determine y x and /3 X , andjrom these 
the resistances and reactances of the equivalent circuit: 



R-rel a ^d Xeq 


j8i 

y? + /3? 


«rcZ- 


2. From the given value of Imean we determine the mean values of the output 
current and voltage of the rectifier, viz. Id = Kserlmecm (fi&er being the coefficient 
of reliability of service) and Ud 31 IrfRrel- 



FIG. 7. aj Equivalent circuit of the relay considering 
internal resistance of supply; b) Graphical solution of 
the equation of the relay operation. 
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3. From the value of U d we find* the input voltage U{ n and current li n o£ the rec 

tifier ’ ViZ ‘ Vin = VdAd ; hn = VinN ^eq + q 

(A^-being found from the curve of Fig. 4). 


4. From Id, Urf, I{ n and U{ n we determine the number of rectifier elements to he 
connected in parallel (a) and series {n) into a bridge arm [l and 2], and with these 
resultant resistance of the elements of the rectifier Ra - 2 nr u /a ( r u being the resis¬ 
tance of a single rectifier unit). 

5. Adding R a to the resistance R re l, we repeat the calculation for the actual 
rectifier units, i.e. assume the load resistance to be Rtf = R re l + R a * 


6. The minimum turns number of the interposing transformer assuring reliable 
%elay operation is found from the condition of equality of the e.m.f. E 2 induced in 
the secondary winding of the transformer and the voltage drop in the equivalent cir¬ 
cuit (Fig. 7a). 

E* = linZz ( 1 . 1 ) 

where Z£ is the total impedance of the equivalent circuit 

E 2 = 4>A4: R.S.f.w 2 10“ 8 (^*2) 

Zx » v (C R a>l + R' q y + (Cxcoi = X' eq Y (1.3) 

In the last equation C R co} and C are the resistance and reactance, respec¬ 
tively, of the secondary winding of the interposing transformer; for a given type of 
core stampings of the transformer they depend only on <n 2 [3]; Req and X' e q are re¬ 
sistance and reactance, respectively, of the equivalent circuit of the rectifier, con¬ 
sidering the self-resistance of the latter. 

The value of co 2m i n is determined by the bi-quadratic equation obtained from 
(1.1), when (1.2) and (1.3) are considered, or by solving equation (1.1) graphically 
(Fig. 7b). 
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THE USE OF LOAD DISTRIBUTION DIAGRAMS FOR THE 

DESIGN OF URBAN SYSTEMS* 


YU. A. GLANTS 


(Received 12 October 1956) 

The character of the distribution of the loads in a system has a great influence on 
its design and operation. This factor becomes very important for the design of low- 
voltage systems especially in urban areas. 

The choice of the system arrangement for one or other type of distribution of 
loads must be made on the basis of technical and economical considerations. The 
proposed method of plotting the load distribution diagrams facilitates these cal¬ 
culations and the derivation of the economic optimum design of the system. We owe 
the idea of plotting these diagrams to V.P. Khashchinskii 1 1 ]. 

Let us first consider a radial line feeding the loads distributed along its 
route. The diagram of the distribution of th ese loads along the line may be pre¬ 
sented as shown in Fig. I. 

The area of the diagram, Fig. 1, can be determined by the sum of the load 
moments: 


2 Pi*/ = Pi** + P,J, + + PJ. 


of 


2 P -Z £ = P x l' x + p a Z 2 + p 3^3 + P4Z4, 

where 

P lf P 2 , P z and P 4 are the values of power sent through the line sections; 
l 19 Zj, Z 3 and l 4 are tFe lengths of the line sections; 

Pi* pa> pi and p 4 are the loads connected to the line; 

Kf Kf Z $ and l \ are the distances of the connected loads from the supply 

source. 

Since each of the sums of the load moments represents the same area it can 
be written: 


* Elektrichestvo No. 


7, 45-50, 1957 [Reprint Order No. KL 38] # 
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2 p ik = PxK 


(l) 



FIG. 1. 

The stepped diagram shown in Fig. 1 can be replaced by an equivalent rectan* 
gular diagram. There are two alternative methods of such a replacement: 1) The 
stepped diagram is replaced by the rectangle AahB with the base of the rectangle 
equal to the length of the line X = L ; 2) the stepped diagram is replaced by 
the rectangle ACkm with the height of the rectangle equal to the total load of the 
line X Pi — P . 


In'the first case we obtain the possibility of replacing the total load by one 
equivalent load connected to the end of the line. The equivalent load is 

n ^Pi l i 

( 2 ) 


eq 


T 


In the second case we also obtain the possibility of replacing the distributed 
load by a concentrated one, but in contrast to the preceding case, the latter al¬ 
though equal to the total load, is at an equivalent distance from the supply point 
given by 

r _ ^Pi^i 

Leq^ — - ( 3 ) 

We now change to relative values of equivalent load P and of equivalent 
distance L e ^,of which the first is considered to be a fraction of the total load 
and the second a fraction of the line length. It is not difficult to see that 


eq 


L 


y 


Pil'i 


eq 


a 


( 4 ) 


PL 
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V.M. Khrushchov [2] was the first to introduce this coefficient a. lie called 
it the coefficient describing the distribution of the load and derived this formula 
for its determination. 

The value of the coefficient a may vary between 0 and 1, where the upper 
limit refers to the case that power is transmitted through the line to a load concen¬ 
trated at its end, and the lower limit to the case that the load is directly at the 
supply point. 

The coefficient a can be determined graphically if the load distribution diagram 
is plotted in relative units with unity load being the total load and unity distance 
the total line length. The coefficient a is determined by the ordinate A a « Bb, or 
by the abscissa Am = Ck (Fig. 1). 

In a similar manner a diagram can be plotted for the squares of the loads, 
which can be replaced by an equivalent rectangle in the same way as it was done 
above. The height of this equivalent rectangle plotted on the same base, the line 
length, is equal to the equivalent square load. The base of the equivalent rectangle 
whose height is the square of the total load equals the equivalent distance of the 
connection point of this load from the supply point. 

In a similar way as the coefficient a was determined for the load distribution 
diagram, a coefficient (3 can be found as follows 






If the diagram is plotted in relative units, 



/3 = 2 P* l . 

It should be noted, that, if the line has the same conductor size along its 
entire length, for purely active power the coefficient fi will be proportional to the 
power loss of the line and the coefficient a proportional to the voltage regulation. 

Having the values of the coefficients a and /3, one can replace the distributed 
loads by the concentrated loads and thus simplify the design calculations. 

It follows from (4), (5) and (1) that the sum of the moments of the distributed 
loads is 


2 P, l . - 2 Pi^i~ a P L 

and the sum of the moments of the square loads 

2 fi P* L 


( 6 ) 




The use of load distribution diagrams for the design of urban systems 


207 


With the change from the system with distributed loads to the system with 
concentrated loads it is necessary for the determination of the voltage regulation 
to arrange at the end of the line a load equivalent to d P or for determination of the 
♦power loss a load equivalent to \J~J3 P. 

Diagrams with the same value of a can have different values of the coefficient 
/3. With diagrams of the same coefficient a it is possible to have two extreme 
cases: 1) the diagram has the shape of a rectangle with unit base but a height of 
a 2) the diagram has the shape of a rectangle with the base a but uyiit height. In 
the first case (3 = a 2 and in the second (3 = a. 

The diagram of the load distribution along a ring line is obtained from two con¬ 
jugated diagrams, of which one is obtained by considering the line as a radial 
feeder supplied from one end. One of the diagrams would correspond to the feeding 
in the direction O-X-2-3-4, and the other in the direction 0-4-3-2-1 (Fig. 2). The area 
of the first diagram is shaded and that of the second one is not shaded. The areas 
of the two diagrams supplement each other to the rectangle ACDB with the base 
equal to the line length and the height equal to the total load of the line. 

Ring feeders supplied from both ends can be divided at the point of current 
reversal into two branches. The point of current reversal on the line can be deter¬ 
mined graphically from the following conditions: 1) the voltage regulation in each 
of the branches must be equal, that means the areas of the two load distribution 
diagrams must be the same; 2) the sum of the loads at the supply point must be 
equal to the total line load. 

For the determination of the point of current reversal it is necessary in the 
diagram of Fig. 2 to lay a line ab parallel to the abscissa so that the areas aBhdef 
and cCmkighf cut out by it from the two conjugated diagrams are equal to each 
other. These diagrams are then also the load distribution diagrams of the two 
branches of the ring feeder. 

The line ac divides the rectangle ACDB into two parts: The area of the lower 
part AacC is equal to the shaded area of the conjugated diagram, and the upper 
part BacD is equal to the unshaded part of that diagram. Therefore, the rectangle 
AacC is equivalent to the shaded diagram, and the rectangle BacD is equivalent 
to the unshaded diagram. 

The maximum ordinates of the branch diagrams aB and cC represent the magni¬ 
tude of the power flow at the point of supply in each of the branches of the ring 
feeder. Each load power flow is 

P b=*' P (8) 

where 

a' is the coefficient of the load distribution determined for each branch 
from its conjugated diagram (for the left branch from the unshaded 
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diagram, and for the right branch from the shaded diagram); 

P is the total load of the ring feeder. 

It is possible to plot diagrams of the distribution of the square of the loads 
from the diagram of the load distribution of the branches of the ring feeder by using 
the square of the ordinates. The one permits the determination of the voltage regu¬ 
lation and the other that of the power losses of the ring feeder. 

The area of the load distribution diagram of the branches of the ring feeder 
will be designated in the following by M r and the sum of the areas of the diagrams 
of the distribution of the squares of the loads in both branches by N r . 

The value of N r can be deter¬ 
mined in another way. For this pur¬ 
pose we consider two diagrams, 

Fig. 3a and 3b which have a dif¬ 
ferent configuration but whose 
coefficients a and /3 are respec- 
tively equal. 

Considering any of the load 
distribution diagrams Fig. 3a or 
3b we transform it into a two-step- 
ped diagram whose first step is 
unity and whose second is a 
(Fig. 3c, diagram Bbcdef). 

If one changes from that equivalent diagram to the square one, then the first 
step of the latter is also unity, but the second is a 2 . 

The length of the first step of the equivalent diagram (Fig. 3c), whose ordin¬ 
ate is unity, is designated by x, and the length of the second step, whose ordinate 
is a, by y. Then, as follows from Fig. 3c, the area of the equivalent diagram, plot¬ 
ted in relative units, is 

a = x + ay, 

and the area of the square diagram 

/3 - x + a 2 y. 

Solving jointly these two equations we obtain 
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The area of the part aCcd of the equivalent diagram (Fig. 3c) is % (1-a). Con¬ 
sequently, on the basis of (9) it is (/3 - a 2 ). This area changes with a change in the 
shape of the equivalent diagram. It goes towards zero, if the equivalent diagram 
approaches the single-stepped diagram AacC with the ordinate a . This corresponds 
to the extreme case when the total load is supplied directly from the source. It will 
go towards its maximum value, if the equivalent diagram adopts the shape of the 
single-stepped diagram ABkm with unity value of the ordinate. The area aBbd has 
in that case the value a (1 - a) = a - a 2 . This corresponds to the extreme case that 
the concentrated load is supplied through the ring feeder. 



(C) 


FIG. 3. 

In the latter extreme case the area of the square diagram of one branch of the 
ring feeder is (1 - a) 2 a , and that of the other branch a 2 (1 - a). The sum of the 
areas of the square diagrams of the branches is 

N f - (1 - a) 2 a 4- a 2 (1 - a) - a - a 2 . 

Since in the considered case /3 = a 

N r = /3 - a 2 . (11) 

i.e. the sum of the areas of the square diagrams of the branches equals the area aCcd. 
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FIG. 4. 


Analysis of a large number of diagrams shows that the sum of the areas of the 
square diagrams of the branches of ring feeder is always equal to the area aBbd . 
Thus, the value of N proportional to the power losses in the ring system can be 
determined from the magnitude of the area aBbd or the equal area fecC . This 
permits the determination of N r from (11), i.e. without plotting the diagram, if the 
coefficients a and j3 are known for one of the conjugate diagrams of the ring system. 


It follows from (11) that the power losses in a feeder for feeding from both 
ends differ from the losses with feeding from one end by a 2 . The ratio of these 
losses is 



/3 - a 2 

P 


1 
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that means the change to feeding from both ends is the more effective in reducing 

40 

the losses, the larger is the term [a 1 /\ 3). 

The above derived relationship of the coefficients of the diagram of the ring 
system is interesting, because it facilitates the determination of the power losses 
for feeding from both ends, if the losses for feeding from one end are known. Be¬ 
sides, it is not necessary to calculate both conditions of single-end feeding and 
it is sufficient to calculate only one of these conditions since one diagram of load 
distribution also determines the conjugate diagram. Thus one calculation is suf¬ 
ficient for all three supply conditions of the ring feeder. 

It follows from the determination of the conjugate diagram that 

a / = (1 - a) (13) 

and, since both shaded areas in Fig. 3c are equal: 

a-/3 = a'-/3 / . 

Consequently, the coefficient for the conjugate diagram is 

/3'=/3 + (l-2 a) (14) 

The above conclusions are to be applied to a concrete example. 

The coefficients for the case of a ring feeder supplied from one end may be 
a = 0.4 and /3 - 0.3, and the power losses A P = 2.15 kW. Then 

/3 ' = 0.3 + (1 - 2x0.4) =0.5 

Consequently, for feeding the line from the other end the losses are 

AP = 2.15^| = 3.58 kW. 

For feeding from both ends 

/V r = 0.3 - 0.4 a = 0.14 

and the power losses 

AP =2.15 J^i = l kW. 
r 0.3 

An urban ring system often comprises one or several districts and is supplied 
from several sources. The calculations for the determination of the voltage regu- 
lation and especially of the power losses in such systems with a large number of 
loads are complicated and laborious. The use of load distribution diagrams in a 
given case can considerably shorten the calculations and make them clearer. 

Consider, for example, a ring system connecting a group of consumers, e.g. 
houses. Fig. 4 shows three diagrams of the load distribution in such a system: 
the first. Fig. 4a, for the case of two; the second, Fig. 4b, for three, and the third, 
Fig. 4c, for four supply points. 

The supply points can be located in such a manner that the areas cut out of 
the conjugate diagrams of the sections of the system and representing the load 
























came size. 


It can be seen from the table that with the change from three to four supply 
points the copper volume of cables is reduced by 175 dm 3 and the power losses 
by 0.67 kW. The maximum voltage regulation on all sections of the system with 
three and four supply points is very reasonable at about 2.5 per cent. 

The transformer loads with three supply points are: 

322; 211 and 227 kW; and with four supply points 273; 178; 173 and 136 kW. 

As the above example shows the method of plotting load distribution dia¬ 
grams permits a clear and simple determination of the approximate load flow in 
the system, of the voltage regulation and power losses. Thus it reduces the 
labour of calculations for the purpose of technical and economical considerations. 

In cases where it is not suitable to use the same cable size on a section of 
the system and where at the supply end twin cables are used, the calculation 
with the graphical method becomes somewhat more complicated. The twin cable 
section in that case is to be represented by equivalent data of the basic cable 
size between the two supply points. 
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THE NOMOGRAM FOR DETERMINING PROTECTIVE 
ZONES OF LIGHTNING CONDUCTORS * 

L.M. LOPSHITS 


(Received 24 April 1956) 


This nomogram supersedes an earlier one (Elektrichestvo, No, 10, 1947) and is deemed 
necessary because of the distinction made in the latest instruction book on overvoltage 
protection of electrical installations for 3 - 220 kV (Gosenergoizdat, 1954) between the 
formulae for lightning conductors up to and above 30 rn. 

The nomogram is constructed for single and double lightning conductors up to 150 m 
using an emphirical formula based on laboratory test results and on the assumption that 
orientation of the lightning stroke onto the lightning conductor takes place at the height of 
H = 600 m (for an open country). 

The use of the nomogram is explained with three examples. 


That part of the latest Code of Practice on protection against overvoltages [ 1] 
which deals with protection against direct lightning strokes is based on laboratory 
investigations carried out at the V.L Lenin All Union Electro-technical Institute, 
and differs from the earlier edition of the Code [3] in that in it a distinction has 
been introduced between the formulae for rod lightning conductors up to 30 m high 
and above 30 m high. Thus, the earlier nomogram for determining protective zones, 
constructed for lightning conductors up to 60 m has become obsolete and now may 
be used only for lightning conductors up to 30 m. 

Figs. 1 and 2 give curves constructed from the data included in [2] which des¬ 
cribe protective zones of single and double lightning conductors respectively. The 
geometrical sense of the parameters of the protective zone a, h, ha, h %, b Xy and r x 
is clear from Fig. 4; by II is denoted the height at which orientation of the light¬ 
ning channel onto the lightning conductor takes place for open country. 


For taller lightning conductors, h > 30 m, II was taken as 600 m, a: 
shorter lightning conductors, h < 30 m, the constant ratio of H/h » 600/30 = 20 was 
taken. It should be mentioned here that the Code of Practice does not set definite 
limits within which its recommendations are valid but merely states that the value 
of //- 600 m can be used for “very tall lightning conductors*. 


The curves given in Figs, 1 and 2 can be applied in these cases when the 
height of the lightning conductor does not exceed 150 m (H/h = 4), which corres- 

* Elektrichestvo No. 7, 76 - 78, 1957 [ Reprint Order No. EL 39]. 
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pontls to the greatest height of chimneys built in power stations. 

With*the above value assumed for the height at which orientation of the light¬ 
ning channel takes place, the following empirical expressions can be written for the 
relations represented on Figs. 1 and 2. 



where pi{h) andp 2 (A) are coefficients depending on the height of the lightning con¬ 
ductor ( Fig. 3). 

It should be noted that in order to simplify calculations the following assump¬ 
tion is made in the Code of Practice*; pi(h) = - p(h)? 


where (for A^30 m). 

The relation p(h) is shown in Fig. 3 by the curve drawn in a broken line. 

Eliminating from (1) and (2) one gets the following formula for the double 
lightning conductor: 


( 


lM a -p l (k) 


1.4 

X 



which if a = 0, becomes also valid for the single lightning conductor. 

The calculation of the lightning conductor height using this formula is lengthy 
and tedious; the present nomogram (Fig. 4) removes this disadvantage. The follow¬ 
ing examples explain the use of the nomogram and illustrate its scope. 

Example 1. The given object has the shape of a parallelepiped with the base 48x48 
m 2 (b x = 24 m) and the height 15 m. It is located between two lightning rods 49 m 
high in such a way that a line drawn through the centres of the lightning rods co¬ 
incides with the axis of symmetry of the object. It is required to verify that the ob¬ 
ject is protected if the distance between the lightning rods is 60 m. 

Place one point of a pair of dividers at the point a = 60 m on the abscissa (the 
scale of centres). Bring the other point to b x ~ 24 m on the ordinate. Keeping the 
first point unmoved and without altering the distance between the two points place 
the second point on the curve h x = 15 m. 

Through this point of the nomogram the curve ha ~ 32 m also passes. Thus, the 
necessary height of the lightning conductor is h = h x + h a = 15 + 32 = 47 m. there¬ 
fore, with h — 49 m the object lies within the protective zone of the lightning con¬ 
ductor. 

* There are errors in Figs. 4 and 5 of the Code. Instead of h x = 0.7 h and h x ~ 0*9 h it should 
be h x ~ 0.6/z and h x ~ 0.7/* respectively. 



lance Detween trie point, a = o»> m and 
point of intersection of the curves 
h x ~ 15 m and h a = 49 - 15 = 34 m. Wi 
this distance as radios and with point 
a = 60 in as the centre determine the point 
at which the ordinate is intersected; this 
is seen to be at b% ~ 25 m. It follows then 
that the given lightning conductor would 
protect an object for which b x = 25 m. 

Example 2. Determine the necessary active 
height of a single lightning conductor 
placed in the centre of a structure having 
a cylindrical form with the diameter 40 m 
and the height 6 m. 

With radius equal to the distance from 
the origin (a ~ 0) to the point r x = h x - 20m 
determine the point of intersection with 
the curve h% = 6 m. The curve h a = 16 m 
which also passes through tins point gives 
the desired value for the active height of 
the conductor. 

Example 3. Find the radius of the protec¬ 
tive zone at the level of h x =- 26 m for a 
single lightning conductor 120 m high 
placed on the chimney of a power station. 

With origin as centre and radius equal 
to the distance from the origin to the point 
h x = 26 m on the curve for h = 120 m, <ie- 
termine the point of intersection with the 
ordinate; this is found to be b x ~ r x « 59.5 m 

which is the required value for the radius 
of protection. 

The nomogram has been constructed on 
the assumption that the distance a between 
two lightning rods is given, which is norm¬ 
ally the case in practice. In these excep¬ 
tional cases when the distance is tn 
ed. it mav he rrniehly fnr 
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and h% (the intersection of the corresponding curves) drop the perpendicular on the 
scale of centres. The point of intersection with this scale gives the requited dis¬ 
tance between the two lightning rods. 

In conclusion it should be mentioned that the Code of Practice considers but 
in a small degree the critical observations regarding simplification of the contour 
of the protective zone [5], In the present edition of the Code it would be desirable 
to approximate the curvilinear generatrix of the “cone” of the protective zone by a 
number of straight lines. This should considerably simplify graphical constructions. 
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INTERNATIONAL SERIES OF MONOGRAPHS 
ON ELECTRONICS AND INSTRUMENTATION 

'Editors: D. W. Fry {Harwell) and W. Higinbotham (Brookhaven) 


W ITH the applications of electronics and 
instrumentation expanding more rapidly 
every year the need increases for authoritative 
up-to-date accounts of recent advances. It is to 
meet such a need that the Pergamon International 
Series of Monographs on Electronics and Instru¬ 
mentation was started a few years ago. The 
authors who contribute are all specialists actively 
engaged in research and in close touch with the 
most recent developments in their respective 
fields. 

Of the monographs already published Dr. J. B. 
forks’ Scintillation Counters , Mr. A. B. Gillespie’s 
Signal , Noise and Resolution in Nuclear Counter 
Amplifiers and the one by Mr. I. A. D. Lewis 
and Mr. F. H. Wells on Millimicrosecond Pulse 
Techniques will be of particular interest to every¬ 
one interested in nucleonics. The physics of 
secondary electron emission and its applications 
in many electronic devices is discussed in the 
monograph Physics and Applications of Secondary 
Electron Emission by Dr. H. Bruining; whilst the 
theory of probability as applied to electronics, 
communication and radar has been dealt with 
elegantly by Mr. P. M. Woodward in Probability 


and Information Theory with Applications to 
Radar. 

Others in the series are Professor J. R. Mentzer’s 
Scattering and Diffraction of Radio Waves and 
An Introduction to Electronic Analogue Com¬ 
puters by Mr. C. A. A. Wass. With the rapidly 
increasing use of electronic calculating machines 
in many branches of applied science, Mr. Wass’s 
monograph is likely to be of considerable interest 
to everyone with problems in dynamics and 
kinematics. 

A further addition to the series to be published 
shortly is Mr. A. H. W. Beck’s monograph 
entitled Space Charge Waves . A strong need 
exists for a book which reviews the many advances 
made in microwave valves using distributed cir¬ 
cuits during the last few years; Mr. Beck’s book 
does this. 

The ready sale which these monographs have is 
convincing evidence of the wide interest with 
which they are received. It is the intention of the 
editors and publishers to maintain in the future 
the high standard which has already been set, 
both in merit and quality of production. 
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Vol. 6. Introduction to Electronic Analogue 
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Edited by JOHN BOYD 

With this volume, The American Society of Lubrication 

Engineers in it fates a publication devoted to all aspects 

of the science and technology of lubrication. This is the 

outgrowth of the expanding number of lubrication 

papers which has been the result of an increasing 

© 

appreciation of the benefits to be gained by a scientific 
approach to the lubrication problems of industry. 

LUBRICATION SCIENCE AND 
TECH NOLOG Y complements the Society’s 
Journal, Lubrication Engineering, and encourages the 
pursuit and dissemination of the basic technical 
information necessary for solving industry’s problems. 

Price £5. 5s. net ($15.00) 
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